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ABSTRACT 
Four hundreds and eighty male turkeys (12-week-old, raised on a corn-soybean basal 
diet) were randomly allotted to 32 pens (4 pens/treatment, 15 birds/pen) and were fed 8 
experimental diets supplemented with none (Control, Con), 200 IU/kg vitamin E (VE), 0.3 
ppm Se (SE), 2.5 % CLA (CLA), 200 IU/kg vitamin E+0.3 ppm Se ( VE+SE), 200 IU/kg 
vitamin E+2.5%CLA (VE+CLA), 2.5%CLA+0.3ppm Se (SE+CLA), or 200 IU/kg vitamin 
E+0.3ppm Se+2.5%CLA (VE+CLA+SE). At 15 weeks of age, all birds were slaughtered and 
breast muscle of 8 birds from each pen were separated and ground. Raw breast meat patties 
were prepared and irradiated with a Linear Accelerator with a dose of 0 or 1.5 kGy. 
Lipid oxidation, color, and aromatic volatiles of the raw meat patties were measured 
after 0, 7, and 12 days of storage at 4 °C. Vitamin E, Se, and fatty acids composition were 
also determined. Dietary supplemental level of vitamin E and CLA increased deposits of 
each in turkey breast. Dietary CLA decreased mono- and non-CLA poly- unsaturated fatty 
acids content in meat. Irradiation increased (p < 0.05) lipid oxidation and Hunter color a* 
value. Dietary Vitamin E, Se, CLA alone and their combinations decreased (p < 0.05) lipid 
oxidation in meat caused by both irradiation and storage. Production of off-odor in turkey 
breast meat caused by storage and ionizing irradiation were reduced by dietary vitamin E, 
selenium , or CLA, especially when vitamin E was combined with selenium, or CLA, or both 
selenium and CLA. 
Lipid oxidation, interior color, and off-odor volatiles of cooked breast patties were 
evaluated under vacuum and aerobic packaging after 0 and 7 days storage. Dietary treatment 
VE+Se, VE+CLA, Se+CLA, and VE+Se+CLA reduced lipid oxidation of cooked irradiated 
(1.5 kGy) turkey breast meat samples by 24%, 29%, 26%, and 40%, respectively compared 
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to that of control after 7 days of storage under aerobic conditions. Dietary factors had no 
influences on the color of non-irradiated cooked turkey breast. However, dietary vitamin E 
and Se decreased the internal color a* value of vacuum packaged irradiated meats at day 0 
and 7, and the effect was even greater when vitamin E and Se were combined with CLA. 
Dietary antioxidants vitamin E, Se, andVE+Se with CLA significantly reduced volatile 
production. Dietary treatments VE + Se, VE + CLA, and VE + Se + CLA reduced the 
difference in sulfur-containing compounds between irradiated and non-irradiated meat, 
aerobic packaging was more effect in reducing sulfur-containing compounds in irradiated 
meat than vacuum packaging. Therefore, dietary treatments plus packaging methods are 
effective in reducing the quality defects induced by irradiation. 
Raw and cooked samples from 32 treatment, 8 dietary treatments * 2 irradiation 
doses* 2 package (aerobic and vacuum), were tested by eight trained panelists for turkey 
aroma and irradiation off-aroma using an incomplete block design. Irradiation off-aroma in 
turkey breast was reduced significantly (p < 0.05) by dietary treatments containing vitamin E 
(VE, VE+SE, or VE + Se + CLA). Meat samples from four dietary treatments containing 
CLA (CLA, VE + CLA, Se + CLA, VE + Se + CLA) had higher turkey aroma scores while 
two treatments containing vitamin E (VE and VE + Se) had lower scores. 
Consumer acceptance tests on five selected treatments (Non-irradiated Control, 
Irradiated Control, Irradiated VE, Irradiated VE+Se, Irradiated CLA) showed that consumers 
disliked the aroma of irradiated raw meat. VE and VE + Se treatments improved aroma of 
irradiated meats. Consumer preferred the appearance of cooked irradiated meat to non-
irradiated meat. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Ionizing radiation has been proven to be one of the most effective processing tools to 
eliminate pathogenic and spoilage organisms from meat (Olson, 1995). In past years, 
irradiation technology has been introduced into the industry from university and 
governmental laboratories and is believed to be one of the "break through" advances in the 
food industry. Irradiation will definitely improve the safety and shelf-life of meat and meat 
products. However, continuous expansion in the application of meat irradiation faces some 
challenges (Borsa, 2004). One of these challenges is a technical challenge, referring to the 
sensory quality changes induced by irradiation. Another important challenge is effective 
acceptance of this technology in the marketplace, in other words, how to increase consumer 
acceptance of irradiated foods. 
There are three major quality concerns in irradiated meat and poultry: increased lipid 
oxidation, altered color and modified aroma when compared to regular products (Ahn et al., 
1998; Jo, 1999). Although irradiation is established as a safe process with no significant 
effect on nutritional composition of meat (Taub, 2001), the aroma and color produced by 
irradiation may have negative impacts on consumers. The unusual color or odor/flavor 
discovered by consumers may cast some unnecessary doubt on the process. For example, 
consumers may associate the presence of pink color in cooked poultry breast with 
contamination or undercooking, and the off-odor and off-flavor with undesirable chemical 
reactions induced by irradiation (Ahn and Lee, 2004). These misconceptions in consumers' 
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minds will discourage their repeat purchase of irradiated meat. Therefore, methods that can 
improve sensory quality are necessary to improve consumer acceptance of irradiated meat. 
Many studies have explored the mechanisms of off-color and off-flavor in irradiated 
meats. Color of irradiated meat varies among different animal species, muscle types, 
irradiation doses, and packaging conditions (Nanke et al., 1998). A couple of hypotheses 
have been proposed to explain the reactions or ligands related to color of irradiated meat, but 
none of them are conclusively proven (Brewer, 2004). Compared to irradiation-induced color, 
the source of irradiation off-odor is relatively clear. Sulfur-containing volatiles and volatiles 
from lipid degradation are demonstrated to be responsible for the characteristic odor or flavor 
of irradiated meat (Ahn and Lee, 2004). 
Although the chemical reactions that induce off-color and off-odor are too 
complicated to be clarified, these reactions are believed to related tofree radicals produced 
from irradiation (Taub, 2001). Therefore, it is hypothesized that quality of irradiated meat 
would be improved by enhancing endogenous antioxidative potential of raw meat. Dietary 
supplementation is an important strategy to modify endogenous antioxidant potential of meat 
and meat products. 
In this project, three dietary functional ingredients, vitamin E, selenium, and 
conjugated linoleic acids (CLA) were supplemented in turkey diets. The objectives of this 
research were three-fold: first, to investigate the effect of vitamin E, selenium, CLA, alone or 
in combination on the performance of turkey, secondly, to determine the quality changes of 
irradiated raw or cooked breast meat from birds fed supplemental levels of vitamin E, 
selenium, and CLA, alone and in combination, and thirdly, to study the consumer acceptance 
4 
Nanke, K. E., Sebranek, J. G., and Oison, D. G. 1998. Color characteristics of irradiated 
vacuum-packaged pork, beef, and turkey. J. Food. Sci. 63:1001-1006. 
Olson, D. G. 1995. Irradiation processing. In Food irradiation: A Source Book. E. A. Murano 
(Ed.), Ch.l p. 3-27. Iowa State University Press. Ames, IA. 
Taub, I. A. 2001. Radiation pasteurization and sterilization of food. Studies in physical and 
theoretical chemistry. In Radiation Chemistry - Present Status and Future trends 
C. D. Jonah and B. S. M. Rao (Ed), p.705-738. Elsevier Science B.V., Amsterdam, 
The Netherlands. 
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CHAPTER 2. GENERAL LITERATURE REVIEW 
Definition of Meat Quality 
In recent years, there has been a growing awareness of the link between diet and 
health, and this is reflected in the demand for products that are healthy and of consistently 
high quality. So, meat quality has assumed a greater consumer significance and public 
attention. The first major concern is food safety and hygiene, especially for the presence of 
food-borne micro-organisms and residues of drug and other contaminants. The second 
concern is for animal welfare and husbandry conditions. And the last concern is about 
declining in eating quality, for example, dryness, toughness, and lack of aroma and flavor, 
particularly for animals that are genetically modified for a high lean content. So, both the 
diets fed to animals and the systems of animal production are being questioned. New 
opportunities are being created for the development of a consistent, healthy, safe, and 
attractive meat products (Grunert et al., 2004). 
Hoffmann (1987) classified meat quality characteristics into four broad categories: 
• Food safety aspects or hygienic characteristics 
• Nutritional value 
• Organoleptic properties 
• Technological quality 
Food safety aspects or hygienic characteristics imply freedom from harmful 
microorganisms and other residues. Nutritional value concerns the chemical composition of 
meat and its suitability for human consumption. Technological quality refers to the suitability 
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of meat for further processing. Organoleptic properties are the traits that influence eating 
quality and ultimate consumer acceptance. 
Puolanne (2003) defined meat quality as three categories of realities: "real reality" 
(the actual concrete items, meat and meat products), "numerical reality" (numbers 
characterizing the material or sample of it), and finally the "psycho reality" (the mental 
response of the consumers to the stimulus of senses, modified by his or her mind). According 
to the author's opinion, meat "quality" is not only the quality of the product itself, but also 
the quality of the mode of the action. For producers and manufacturers, real reality and 
numerical reality are more exact and satisfactory measures. Fat content, rancidity, microbial 
load, measured color, and sensory results are useful traits for the economical value of the 
products. For consumers, "psycho reality" is more important than other quality realities, 
which means that the product must pass through a human's mind to create the impression of 
quality. The psychological reactions to various foods are strongly related to ethnic and socio-
economical factors as well as individual variation based on physiological and experience-
based factors. 
Meat Irradiation in General 
Application of irradiation in the food industry came along with the exploration of new 
methods for food preservation. About a quarter to a half of the world food supply is lost 
during post-harvest as a result of spoilage, insect infestation, and bacterial and fungal attack 
(WHO, 1994). However, when compared with the food-borne diseases, loss of edible food is 
only part of the problem. According to Mead et al. (1999), foodborne diseases are estimated 
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to cause approximately 76 million illness, 325,000 hospitalizations, and 5,000 deaths in the 
United States each year. 
As a method of food preservation, irradiation is not new. It was explored as early as 
1905. In 1916, the US Department of Agriculture proposed irradiation as a solution to 
eliminate tobacco beetles. However it was not until after the Second World War, 
instrumentally supported by US Atomic Energy Commission, food irradiators began to be 
installed in universities and USDA research centers (Diehl, 1995). 
Nowadays, irradiation is used on various foods with different objectives. The U.S. 
Food and Drug Administration (FDA) has approved the use of irradiation for a number of 
foods and purposes, including antimicrobial treatments for spices and dried vegetable 
seasonings (1983), destroying Trichinella in pork (1985), insect disinfestations and shelf-life 
extension of foods of plant origin (1986), and pathogenic bacteria control in poultry meats 
(1990), red meat (1997), shell eggs, and sprouting seeds (2000). FDA is currently evaluating 
petitions for destroying harmful bacteria in ready-to-eat foods (e.g., deli meats) and seafood 
such as oysters and clams (Pauli, 2001). 
Mechanisms of food irradiation 
The electron magnetic spectrum is composed of very short-wavelength cosmic rays, 
gamma rays, X-rays, ultraviolet, visible and infrared regions, microwaves, radar, and the very 
long wavelength communication bands, among which X-rays and gamma rays are powerful 
enough to expel orbiting electrons from atoms to produce free radicals. This high energy 
form of radiation is called ionizing radiation, produced by radionucleides, X-ray generator, 
and electron accelerators. The "radiation absorbed dose" (rad) is the amount of energy 
absorbed as something (food) passes through a radiation field. Dose is usually measured in 
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grays (energy/unit mass), which is equivalent to 1 joule/kg. The gray can be converted into 
rad (radiation absorbed dose). One Gray equals to 100 rads (WHO, 1994). 
Two irradiation sources, gamma rays from cobalt-60 and accelerated electron beam 
are more accepted by the food industry for their high penetration and better dose uniformity, 
ready availability and established satisfactory history of application. Ionizing radiation 
induces direct and indirect effects on irradiated materials. Direct effects are direct contact of 
energetic electrons with molecules or atoms causing ionization events. Indirect effects are 
from the free radicals produced during direct effects. The radicals are highly reactive (Diehl, 
1995). 
The mechanism by which ionizing radiation destroys microorganisms is not fully 
understood, but it is generally agreed that DNA is the targeted critical molecule (Diehl, 1995). 
Damage of DNA by irradiation can occur by both direct energy deposition in DNA and 
indirect effects involving diffusible water radicals (particular the *OH radicals). Direct 
contact of electrons with DNA and indirect reactions by radicals can both break the 
phosphodiester linkages in either or both of the polynucleotide chains, produce base and 
sugar modifications and DNA-protein crosslinks (Prise et al., 1998). For low-dose irradiation, 
the effects of indirect effects contribute about 60% to the overall effect (Roots and Okada, 
1975). 
Although ionizing radiation can damage both pathogenic and spoilage 
microorganisms and improve the safety as well as shelf-life of meat and meat products, it 
brings about side-effects on meat quality, too. The side-effects include reduced oxidative 
stability, abnormal color, and off-odor, which are highly related to consumer acceptance of 
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irradiated meat. Further discussion on the radiochemistry of meat will be covered in the 
following sections to provide theoretical basis of strategies to improve irradiated meat quality. 
Radiolysis of meat components 
The radiolysis of meat and poultry products may cause minor, but perceptible 
changes in sensory qualities associated with formation or degradation of some specific 
constituents. Color, odor and oxidation are quality parameters that can be affected either 
during irradiation or subsequent storage. These changes depend on muscle type, irradiation 
doses, the atmosphere, packaging methods, and temperature. The radiolysis of a complex 
food matrix can be considered the sum of the radiolysis of its major constituents (Taub, 
2001). 
Muscle is almost entirely protein in a dilute aqueous salt solution. Three major 
components of muscle are water (about 55-78% by weight), protein (15-23%), and lipids (1-
20%). Other minor constituents include carbonhydrates (1-2%), nucleic acids (<1%), and ash 
(1%). The water phase contains sarcoplasmic proteins, including myoglobin and 200-300 
different enzymes. The myofibril, which is the contractile unit in skeletal muscle cell, is 
composed of 12-14 proteins, including myosin, actin, and other 10-12 regulation proteins. All 
these myofibril proteins are hydrated and surrounded by sarcoplasmic fluid. The fat phase 
comprises neutral lipid or triglycerides deposited in epimysial and perimysial connective 
tissues as well as phospholipids and cholesterol found in membranes and sarcotubular system, 
along with small amount of fat-soluble vitamins (Goll et al., 1984). 
The effect of irradiation on three phases of meat systems, aqueous phase, proteins, 
and lipids, will be discussed. 
1. Radiolysis of water 
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The radiolysis of aqueous solutions is clear compared to other liquids. The 
characterization of ion induced by radiation in aqueous system provides theoretical bases for 
the applications of irradiation in biological system. For example, DNA damage, flavor, color, 
and other quality change in foods. 
The primary radicals of water radiolysis are eaq", H", and OH. The yield and reaction 
of these radicals are significantly influenced by radiation doses, temperature, and phases. 
The initial processes in the radiolysis of water can be summarized as: 
H20 + ionizing radiation —» *OH + e"cq + *H + H2 + H2O2 + H30+ 
From the models above, ionisation and excitation events and the resulting products 
eaq~, OH*, H*, H2, H2O2 and H+ occur in clusters called spur. For low irradiation doses, the 
spurs are separated by large distance relative to their diameter. This reaction occurs in food 
products and accounts for a significant portion of secondary effects (Diehl, 1995). Radicals 
from ionized water can attack oxygen to form a variety of radical compounds as: 
*H + O2 —» *H02 
•H02 -> H+ + *02 
6 eq + O2 —» "O2 
These radicals are strong prooxidants and highly related to autoxidation of food 
components such as lipid and proteins, leading to quality changes (off-flavor, off-odor, and 
abnormal color) (Diehl, 1995; Urbain, 1986) 
2. Radiolysis of meat proteins 
In aqueous environments, proteins react very efficiently with primary free radicals 
eaq" and OH*. There are many targets for reaction of free radicals and various forms of protein 
modifications occur, such as dimerizations and polymerizations, fragmentations of both 
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polypeptide backbone and residues. Hydrated electrons (eaq") react with the carbonyl groups 
of peptidic bonds, leading to fragmentation and ammonia liberation in amino acids (von 
Sonntag, 2003). Hydrated electrons (eaq") react with almost all amino acids, the fastest 
reaction is with disulfide groups (Buxton et al., 1988). 
For hemeproteins, it is believed that target of eaq" is not only Fe3+ but the porphyrin 
(PR) itself (Neta, 2001). The porphyrin macrocycle contains conjugated double bonds and 
forms an 18-membered ^-electron system. The ^ -system can accept several electrons in a 
stepwise manner. Studies carried in aqueous solution showed that porphyrins react with the 
hydrated electrons as: 
PR + eaq" -»• PR-" 
They are also reduced by CO2" and by a-hydroxyalkyl radicals as: 
PR + CO: -» PR + C02 
PR + (CH3)2COH -h. PR " + (CH3)2CO + H+ 
Reaction of hydroxyl radicals are of particular importance because of their 
involvement in oxidative reactions. 
The OH* free radical does not react with the peptidic bond, but it can withdraw an H 
atom from the a-carbon. In the presence of oxygen, a peroxy radical is formed along with 
release of superoxide. With an additional decarboxylation of amino acids, the protein 
fragmentation occurs (Stadtman, 1993). Like eaq", the *OH free radical reacts with almost all 
amino acids. The rate constants of these reactions are correlated with the strength of X-H 
bond, so the reaction with -SH groups of cysteine is the fastest. The thiyl radical is formed 
with the oxidation of -SH in cysteine. When oxygen is presented, thiyl radical fixes oxygen 
and produces peroxyl radicals (Tamba et al., 1986). These radicals may be photoisomerized 
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into sulfonyl radicals RSO2 and disulfide can be oxidized in small molecules. However, the 
final products are not known due to the complexity and variety of the reactions (Tamba et al., 
1986). 
As for metalloproteins such as mygblobin, *OH free radical not only reacts with 
globin but with the metal center. Further information will be discussed in the section on 
irradiation and meat color. 
In conclusion, free radicals play an important role in the radiolysis of proteins in 
aqueous solutions. Reduction and oxidation of proteins lead to structural changes of meat 
protein such as polypeptide backbone modifications, fragmentation, dimerization or 
polymerization. Irradiation also leads to inactivation of enzymes. These reactions and 
changes are highly related to meat quality including color and flavor modifications. The rate 
constants of these reactions vary with types of free radical and the nature of protein and its 
residues. Data concerning the final products of protein irradiation is lacking due to several 
reasons: tools for protein chemistry analysis are not sufficient; some residues such as 
methionine and cysteine are unstable and can be oxidized and modified. In case of meat 
irradiation, a better understanding of the electron exchanges within and among proteins led 
by free radicals is needed because these reactions are the source of abnormal color and off-
odor of irradiated meat (Houée-Levin and Sicard-Roselli, 2001). 
3. Radiolysis of meat lipids 
In contrast to the radiation chemistry of protein, fat is directly influenced by 
irradiation and forms cation radicals. The radiolysis of triglycerides in meat lipids leads to a 
generic radicals on the fatty acid moiety, reflecting the predominant scission of the C-H bond 
alpha to the carbonyl group (Sevilla et al., 1983). The electron adds to the C=0 bond forming 
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the carbonyl anion radical, which then dissociates into the free fatty acid and an alkyl radical 
on the residual propanedioldiester which subsequently abstracts a hydrogen from a 
triglyceride, ultimately forming the carbon radical alpha to the carbonyl group. This large 
radical can react either by combination with other radicals or with an identical radical, so as 
to dimerize or to disproportionate, reforming a triglyceride or forming an analogous 
compound with a double bond alpha to the carbonyl group. These reactions can occur at the 
ester linkage in the 1-position, 2-position, or 3-positions of the triglyceride (Sevilla et al., 
1981). 
The distribution of the radiolysis products from lipid depends on irradiation doses 
(Villavicencio et al., 1997), fat content, fatty acids composition of the triglycerides, and 
triglyceride composition of meat lipid. Merritt (1985) reported that volatile hydrocarbons 
C5-C9, both alkane and alkene, when derived from four different meats, had a highly 
correlated linear dependence on fat content. Unsaturated fatty acids are susceptible to 
autoxidation, but their effect on radiosensitivity of lipids is not clear. Delincee (1983) 
reported that double bond site is the preferred cleavage of unsaturated compounds by 
irradiation. Sevilla (1994) showed, in low dose studies, that the most stable radical was 
ultimately formed in all cases, but it disappeared more rapidly in meat containing more 
unsaturated fatty acids such as chicken. Studies on phospholipids high in polyunsaturated 
fatty acids through a liposome model system found that 0.1 kGy irradiation altered fatty acids 
composition. Arachidonic acid and docosahexanoic acid were the most vulnerable fatty acids 
to irradiation under aerobic conditions (Konings and Drijver, 1979). 
Irradiation and Oxidative Stability of Meat 
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Free radical induced lipid peroxidation 
Oxidation is a process by which a substance loses one or more electrons. The 
substance that gains the electron(s) is called an oxidant. In living cells, phospholipids that 
comprise the cell membrane and the membrane of cellular organelles contains a large amount 
of unsaturated fatty acids (PUFAs), which contain unsaturated carbon-to-carbon double 
bonds. So PUFAs are susceptible to damage by pro-oxidant compounds. Another target of 
pro-oxidants in cell membranes is sulfhydryl groups. Sulfhydryl groups crosslink membrane 
phospholipids to membrane-associated proteins such as enzymes, receptors, and ion channels. 
Oxidation of sulfhydryl groups may result in altered conformation, and therefore alter the 
functions of these proteins (Chow, 1991). 
There is a group of pro-oxidants, termed as reactive oxygen species (ROS), which are 
capable of oxidizing PUFAs and sulfhydryl groups within the cell membrane. They are 
hydrogen peroxide (H2O2), superoxide radical (02.), hydroxyl radicals (OH*), lipid alkoxyl 
radicals (RO*, and peroxyl radicals (ROO*). H2O2 is a strong oxidant, capable of accepting 
electrons from other molecules. O2* is a type of free radicals, a highly reactive molecule that 
possesses a single unpaired electron in its outer orbit. Superoxide radicals act as an oxidant as 
well by removing an electron from a neighboring non-radical molecule and adding it to its 
outer orbit. Then, the superoxide radical can achieve a very stable state as molecular oxygen 
while the neighboring molecule is left with an unpaired outer shell electron and becomes a 
radical. This newly formed radical can then remove an electron from the outer orbit of 
another neighboring molecule and create a chain reaction (Rochat, 1991; Miller et al., 1993). 
Superoxide radicals, nitric oxides, lipid alkoxyl and peroxyl radicals are the most important 
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reactive oxygen species generated in systems in aerobic environments. Among them peroxyl 
radical derived from polyunsaturated fatty acids has special significance due to its 
involvement in lipid peroxidation in living systems (Barber and Harris, 1994). 
The process of lipid oxidation, or autoxidation, can be divided into three phases: 
initiation, propagation, and termination. 
RH-4*>R« (1) 
R* + 02 -* ROO (2) 
ROO + R'H -> ROOH+R-' (3) 
R* (or ROO') + R'* —> R-R' (or ROOR') (4) 
R' (or ROO') +AH ^RH (or ROOH) +A* (5) 
In the initiation phase (reaction (1)), carbon-centered lipid radicals R* can be 
produced by proton abstraction from, or addition to, a polyunsaturated fatty acid (RH) when 
a free-radicals initiator (I*) is present. The initiation step is generally very slow and is 
dependent on the type of initiator, but can be catalyzed by heat, light, metals, and certain 
enzymes (e.g., lipoxygenases). During the propagation phrase, the lipid radicals react readily 
with available molecular oxygen to form a peroxyl radical (ROO ) at a high rate (reaction 
(2)). The peroxyl radicals can then react with another polyunsaturated fatty acids (R'H), at a 
low rate to form a hydroperoxide (ROOH) and a new radical is formed (reaction (3)). 
The propagative process can continue until all of the polyunsaturated fatty acid is 
eliminated or the chain reaction is broken (termination phase). The chain reaction can be 
terminated by self-quenching to form dimers (reaction 4) or by the free radical scavenging of 
antioxidants (reaction 5). 
Lipid oxidation of muscle food 
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Lipid oxidation plays an important role in meat quality. It is not only one of the major 
causes of quality deterioration including off-flavors (warmed-over/rancid) (Kerler and 
Grosch, 1996) and discoloration (Faustman and Cassens, 1990), but also the major source of 
toxic products such as cholesterol oxidation products (Engeseth and Gray, 1994). On the 
other hand, lipid peroxidation is essential for meat flavor release and may change protein 
functionality by inducing protein oxidation and denaturation (Decker et al., 1993). 
Based on the discussion of its process, lipid oxidation is influenced by those factors 
that are related to initiation, propagation and termination. These factors are: 
Fatty acid composition of meat (especially membrane phospholipids), enzymatic and non-
enzymatic catalyst system, endogenous and exogenous antioxidant, availability of oxygen, 
and other processing factors. 
1) Fatty acid composition of meat 
The bisallylic methylene positions, which are located adjacent to double bonds have 
the lowest carbon-hydrogen bond dissociation energy (Gardner, 1989).These positions in 
polyunsaturated fatty acids (PUFA) are thus the favored sites of free radical attack. A linear 
correlation has been observed between the number of bisallylic methylene positions and the 
susceptibility of the lipid (Cosgrove et al., 1987). 
Studies involving dietary modification of fatty acids have consistently shown that 
oxidative stability reflects unsaturation of muscle lipid. When dietary unsaturated fatty acids 
(for example feeding fish oil) were increased, lipid oxidation was increased in chicken breast 
meat (Ajuyah and Ahn, 1993). Decreased oxidation was observed in supplementations of 
saturated fat in chicken diet (Lin et al., 1989) and conjugated linoleic acid (Further discussion 
see in later section). 
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The concentration and degree of polyunsaturation in meat vary depending on animal 
species. Lipid oxidation reflected the level of polyunsaturation in some species such as 
catfish and chicken but not for other species like beef and pork (Erickson, 1993; Rhee et al., 
1996). It is implied that heme pigments and other emzymatic systems are important factors 
that determine the stability of these meats. 
2) Enzymatic and non-enzymatic initiation and catalyst systems 
Initiators and catalysts of lipid oxidation in meat includes both enzymic and non-
enzymatic systems. Most studies are focused on heme and non-heme iron. The ability of 
heme to promote lipid peroxidation has been demonstrated (Kendrick and Watts, 1969; 
Kaschinitz and Hatefi, 1975). 
Non-heme iron is believed as an initiator of lipid oxidation by being involved in the 
production of hydroxyl radicals via the reaction: Fe2+ + H2O2 —» Fe3+ + OH* +OH\ Although 
the concentration of non-heme iron is initially low in muscle, more of them are found during 
storage and further processing. Cooking, mechanical processing, and addition of salt to meat 
significantly increased the release of free iron from heme and other iron-binding proteins 
(Ahn, et al., 1993). Sato and Hegarty (1971) reported that non-heme iron rather than heme 
iron was responsible for rapid oxidation of cooked meat. 
Heme is believed to be involved in the production of peroxyl radicals from 
decomposition of fatty acid hydroperoxides. There are two possible pathways involved in the 
peroxyl radical development. One major pathway involves high valence state iron (Fe3+/Fe 4+) 
complexes in the reaction similar to the peroxidase pathway (Davis, 1988). The other 
pathway assumes that heme protein (especially metmyoglobin and oxymyoglobin) could be 
activated through an intermediate species followed by the interaction of the heme moiety 
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with hydrogen peroxide (Kanner and Harel, 1985). The intermediate species in latter 
pathways was demonstrated by the detection of 4-hydroxynonenal-myoblobin using the 
proteomics tool (Phillips et al., 2002). 
Compared to non-enzymatic systems, studies on relationships between lipid oxidation 
and enzymes are relatively limited. Enzymatic systems are lipoxygenase, membrane enzymes 
for iron transfer and reduction, and microsomal and mitochondrial enzymes that involved in 
cellular oxidation (Love and Pearson, 1971). Lipoxygenase is found in chicken and fish 
muscle. Although it is believed to be responsible for "fresh flavor" of fish, its contribution to 
lipid oxidation and off-flavor development of other muscle foods during storage remain 
controversial (German et al., 1992; Grossman et al., 1988). Membrane enzymatic systems 
located in sarcoplasmic reticulum and mitochondria are involved in the respiratory chain. 
They are capable of generating active oxygen species in the presence of NADPH and iron-
sulfur protein (FeS) (Lin and Hultin, 1976; Rhee et al., 1984). 
3) Endogenous and exogenous antioxidants 
Antioxidants are the most important defense mechanism against lipid oxidation. 
Antioxidants present in meat not only include inherent factors from muscle itself, but also 
antioxidants added exogenously during processing. Endogenous antioxidants will be 
discussed in detail here. 
Major endogenous antioxidant mechanisms include (Schmidt, 1997): 
a. Scavenge of free radicals and single oxygen by vitamin E, ascorbic acid, 
carotenoids, superoxide dismutase; 
b. Reduction of hydroperoxides by glutathione peroxidase and catalase; 
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c. Binding or removal of trasition metals by ferrin, transferrin, ceruloplamin, 
albumin, and other chelators; 
d. Repair of resulting damage by dietary nutrients and metabolic activities. 
Multiple enzymes work in concert to limit the adverse effects of reactive oxygen 
species and maintain control of lipid peroxidation in muscle cell and further oxidation of 
meat. Biochemical evidence indicated that the nutritional antioxidants such as a-tocopherol 
(vitamin E), ^-carotene and ascorbic acid inhibit or delay oxidative damage (Decker, 1995). 
Further information on vitamin E will be discussed later. 
Superoxide dismutase is an enzyme that destroys the superoxide radical in the cytosol 
and mitochondrial matrix (Miller et al., 1993). Superoxide dismutase combines hydrogen 
ions with superoxide radical to produce hydrogen peroxide and molecular oxygen by the 
enzyme catalase and glutathione peroxidase. Glutathione peoxidase and other selenium 
containing proteins can break down hydrogen peroxides in aqueous cytosol as well as fatty 
acyl peroxides that leave membranes and enter the cytosol. The biological function of Se and 
its effect on meat lipid oxidation will be further discussed later. 
Irradiation and lipid oxidation of meat 
The mechanism of lipid oxidation in irradiated meat is not quite clear. Irradiation has 
at least two major effects on meat lipid oxidation. On one hand, secondary effects of 
irradiation produces free radicals through radiolyses of water, proteins, and lipids, which are 
initiators and enhancers of lipid oxidation. On the other hand, direct effect of irradiation may 
denature or modify the structure of proteins including the antioxidative enzymatic systems, 
and reduce the antioxidative potential of meat. 
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Attn et al. (2000) reported that lipid oxidation was a significant problem in irradiated 
meat only when it was irradiated and stored in an aerobic environment. TEARS value of 
cooked pork patties were not affected by packaging and irradiation conditions of raw meat. 
After 3 and 7 days of storage, lipid oxidation of cooked meat in vacuum package remained 
unchanged and slightly increased while those in aerobic package increased 6 to 9 fold (Ahn 
et al, 1998). 
Changes in the oxidative stability of meat induced by irradiation are supported by 
antioxidant application in meat either through dietary supplementation or directly adding the 
antioxidants. Dietary supplementation of vitamin E at 200 mg/kg or more were helpful in 
maintaining low TEARS value of irradiated raw turkey breast and thigh meat patties after 7 
days storage (Ahn et al., 1998). Effects of antioxidants (sesamol, vitamin E, gallate and their 
combinations) on irradiated meat quality indicated that sesamoid vitamin E and gallate+ 
vitamin E combinations were effective in preventing lipid oxidation of irradiated turkey 
breast during storage. The TEARS values of the antioxidant-treated irradiated meat samples 
were lower than nonirradiated samples in vacuum packages (Nam and Ahn, 2003). 
Irradiation and Meat Color 
Unique color changes are observed in irradiated meats. Table 1 summarizes research 
on irradiated meat color from 1956 to 2003, including poultry, pork, and beef. From these 
previous research reports, three major conclusions can be made: 
1. Irradiated meat color varies among different animal species and muscle type. 
2. Packaging conditions or exposure to air do have significant effect on development 
and stability of irradiated color. 
21 
3. Irradiated meat color is dose-dependent. 
4. Color change of irradiated frozen meat is not significant. 
To understand the mechanism of irradiation effects on meat color, a brief review of 
the chemistry and biochemistry of meat color follows. 
Biochemistry of meat color 
The color of meat is principally determined by three factors: the concentration of 
meat pigments, the chemical state of the pigments and the light-reflecting characteristics of 
the meat. The pigments primarily responsible for meat color are myoglobin and hemoglobin. 
In muscle, myoglobin is responsible for 50% to 80% of fresh meat color depending on the 
function and location of the muscle (Fox, 1987). The quantity of myoglobin varies with 
species, age, sex, muscle type, and physical activity. Table 2 shows the concentrations of 
myoglobin found in pork, beef and poultry. 
Myoglobin is an extremely compact metalloprotein and composed of globin and iron-
containing heme structure. Globin is a single chain of 153 amino acids, 75% of which exist in 
a-helical conformations arranged in 8 "domains" wrapped around themselves to form a 
colorless, globular protein. The interior of the helix consists almost entirely of nonpolar 
amino acids and these amino acid residues are oriented so that their nonpolar portion points 
inward. 
The only polar residues inside myoglobin are two histidines, which have an important 
function as the heme binding site (Rodwell, 2000). One of the histidine residues is termed as 
proximal histidine, the other as distal histidine. 
Table 1. Color of irradiated meats as affected by muscle type, irradiation dose and packaging conditions. 
Color Description Muscle type Irradiation doses Packaging method Conditions References 
Increase in redness and saturation 
Bright Mb02-like pink color 
Increased redness 
Increased redness due to 
decreased oxidation-reduction 
potential 
Less red(decreased a*value) 
Pinker 
Redder in vacuum package, 
decreased a* value in aerobic 
package 
Increase of a* in 
vacuum packaged is dose 
dependent 
Redness reduced. 
Brighter (redder) color 
L* b* hue angle unaffected, 
a* increased. 
Redness reduced in both aerobic 
and vacuum package, 
Redness in aerobic package 
decreased, unchanged in 
vacuum package 
Redness decreased 
Brown, decreased a*value, 
increased b* value 
Increase L* value, 
decrease a* value. 
Chicken breast 
Chicken breast 
Turkey breast 
Turkey breast 
Pork 
Pork chops 
Pork chops 
Pork 
Beef 
Ground beef 
Whole beef muscle 
Ground beef patties 
Beef steak 
Ground beef 
Beef 
Beef 
1 kGy 
0-4.5 kGy 
2.5 kGy 
172 kGy 
Several levels, 
gamma vs.e-beam 
Between 0 and 
10.5 kGy 
1 kGy 
1.03 and 1.54kGy 
2.0 and 3.5 kGy 
2.0 and 3.5 kGy 
0.6 and 1.5 kGy 
0.8 and 2.0 kGy 
1.5 kGy 
2.5 kGy 
02 permeable package 
Nitrogen atmosphere 
Aerobic package 
Vacuum package 
Aerobic (02 atmosphere) 
MAP (containing 
C02 and N2) 
Vacuum and aerobic 
package, 
Vacuum 
02 permeable package 
Vacuum 
Not mentioned 
Vacuum and daerobic 
Vacuum and aerobic 
Aerobic 
Vacuum 
Aerobic 
Fresh 
Fresh 
Fresh 
Fresh 
Fresh meat 
Fresh 
Millar et al., 1995 
Satterlee, et al., 1971 
Nanke et al., 1998 
Nam et al, 2001 
Tappel, 1956 
Grant & Patterson, 1991 
Fresh and frozen Luchinger et al., 1996 
Fresh 
Fresh meat 
Fresh 
Frozen/thaw 
Fresh 
Fresh 
Fresh 
Fresh 
Aging, fresh 
Nanke et al., 1998 
Richard &Morrison, 1971 
Dempster, 1985 
Luchinger et al., 1997a 
Luchinger et al., 1997b 
Fu et al., 1995 
Fu et al., 1995 
Nanke et al., 1998 
Nam & Ahn, 2003 
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Table 2. Myoglobin concentration of beef, pork, and poultry on a wet tissue basis 
Species mg myoglobin per gram of wet tissue 
Pork 2.5-7.0 
Beef 
Young 2.0-4.0 
Mature 4.0-8.0 
Poultry 
White <0.5 
Dark 2.0-4.0 
Pearson and Young (1989). 
Heme, a cyclic tetrapyrrole, is the non-protein portion of myoglobin. Heme is an 
extensive network of conjugated double bonds which absorbs light at the low end of the 
visible spectrum as a deep red. Heme consists of four molecules of pyrrole linked in a planar 
ring by four a-methylene bridges. The heme of myoglobin resides in a small cleft between 
two helices which contain two histidine residues and is oriented with its polar propionate 
groups on the surface with the remainder projecting into the interior of myoglobin molecule 
where the surrounding residues are non-polar with the exception of two histidine residues. 
One atom of ferrous iron (Fe2+) is at the center of the heme planar ring with binding to four 
nitrogens, the fifth coordination position linked to the ring nitrogen of proximal histidine, and 
sixth coordination position for binding functionality (Aberle et al., 2001). 
1. The nature of the sixth coordination position and its binding agent. 
The distal histidine, which is located at the side of the sixth coordination position 
heme, plays an important role in myoglobin structure and functionality by stabilizing the iron 
complex and providing the hindered environment of heme in myoglobin (Rodwell, 2000). 
The nature of the sixth coordination position affects the electron configuration of the iron and 
the heme ultimately influencing the light absorbing properties and the color of myoglobin 
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(Giddings, 1977). When the sixth position is open, the distal histidine residue is too far away 
to interact with the iron atom when the sixth position is empty. However, when the sixth 
position binds oxygen, the distal histidine appears to stabilize the heme-oxygen complex by 
lowering formation of a H-bond between oxygen and its imadazole nitrogen (Giddings, 
1977). 
In live muscle, oxygen seems to be the only agent that binds to the sixth position. 
Carbon monoxide (CO) binds to the isolated heme about 25,000 times more strongly than 
oxygen. The atmosphere contains traces of CO and normal catabolism of heme itself forms 
small quantities of CO. But CO does not occupy the sixth position. This can be explained by 
the hindered environment of heme in myoglobin. CO prefers to bind heme in an orientation 
where all three atoms (Fe, C, and O) perpendicular to the heme ring. This orientation is only 
possible for isolated heme. However in myoglobin the distal histidine sterically hinders 
binding of CO at this angle. This forces CO to bind in a less favored configuration and 
reduces the strength of the heme-CO bond to about 200 times more than that of the heme-Oa 
bond. Nevertheless, there is still a small portion of the myoglobin bound to CO (Rodwell, 
2000). 
In addition to O2 and CO, nitric oxide, cyanide, and H2S are potential ligands that can 
bind to the sixth position of heme iron (Rodwell, 2000). 
2. The chemical properties of iron. 
Iron is a transition metal, the electron distribution among the s, p, and d orbits of un­
ionized iron is Fe° = ls22s22p63p64s23d6. Because of its electron deficiency, iron attracts 
electron pair-donating ligands. Positively charged, electron deficient Fe2+ attracts unshared 
electrons of ligands to form an electron-static bond. When the ligand approaches, it produces 
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an electric field experienced by ironic electrons, and a repulsive interaction occurs between 
d-orbital electrons of Fe2+ and those of the ligands. So d-orbital regions of iron are divided 
into different energy level which leads to color changes due to the electron transitions 
(Laidler, 1978). 
The iron atom in myoglobin usually exists in both ferrous (+2) and ferric (+3) states. 
The ferrous state forms covalent complexes with molecules that can easily donate an electron 
pair at the sixth coordinate position. These covalent complexes are responsible for binding 
oxygen and other molecules to form meat color. The iron covalent complex in the ferric (+3) 
state has less ability to donate electrons at the sixth coordinate. When iron binds a legend at 
the 6th position, the heme stearically accommodate the ligands and a change in the energy 
levels of the Fe2+ occurs to condense the size of the iron atom so that it fits into the heme 
ring (Fox, 1987). 
3. The conformation of globin. 
When globin is in its native state, the heme is located in the hydrophobic pocket lined 
with hydrocarbon portions of the amino acids. The hydrophobic pocket, which helps prevent 
complete electron transfer between O2 and Fe2+ permitting the reversible complexing 
required for oxygen storage facilitates the biological function of myoglobin (Morrison and 
Boyd, 1981). The electron-attracting power of the porphyrin side chains interacts with the 
side chain groups of the globin. When the structure of amino acids is modified and some 
peptides are lost, the heme pocket becomes less effective in maintaining the iron in the Fe2+ 
state. Fe2+/ Fe3+ can have a wide range of reduction and reaction potential depending on the 
specific ligands. For example, Fe2+ is readily oxidized by O2, however, the presence of heme 
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and globin weaken the stability of the Fe^YOz complex making O2 binding reversible 
(Brewer, 2004). 
Mechanism of irradiation-induced meat color 
What is responsible for the color changes induced by irradiation as described above? 
The ligand, the iron status, or the conformation change of globin? During the last half 
century (from 1955 to now), this dilemma has attracted many researchers. Several theories 
have been proposed based on the changes of iron status and new binding ligands that are 
induced by irradiation. 
1. The iron status of irradiated meat and myoglobin 
In the 1950's interest regarding the oxidation states and sixth position ligands of the 
iron of myoglobin generated by irradiation arose. Ginger and Schweigert (1956) observed 
that irradiation of meat extract containing a high proportion of metmyoglobin produces a 
bright red compound spectrally indicative of oxymyoglobin and similar to oxymyoglobin in 
its reactions with hydrosulfite, ferricyanide, and carbon monoxide. When the extract to be 
irradiated contained a high proportion of oxymyoglobin, the formation of metmyoglobin 
and/or a green oxidized porphyrin derivative was observed. Based on spectral evidence 
Tappel (1956) concluded that oxymyoglobin is formed by irradiation of metmyoglobin in 
both meat and purified extraction. 
Bemofsky et al. (1959) reported that, upon irradiation, oxymyoglobin in initially 
purified solution was first converted into metmyoglobin which in turn was converted by 
further irradiation to a red pigment. This compound was stable to a relative high irradiation 
dose and appeared spectrally similar to oxymyoglobin except for a lower A540/A560 ratio. 
Irradiation of recrystallized metmyoglobin produced the same red pigment. They also 
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observed that the addition of irradiated water to non-irradiated metmyoglobin solution 
produced a red pigment having an absorption spectrum identical to that of 
"peroxymetmyoglobin" and distinct from that of both oxymyoglobin and metmyoglobin 
solution. 
Brown and Akoyunoglou (1964) found that irradiation of nitrogen-flushed pigment 
solution caused partial oxidation of oxymyoglobin and converted metmyoglobin to 
substances with spectra similar to that of oxymyoglobin, differing by only a few nm in the 
position of the absorbance maxima. Similarly, Ho (1967) also observed that irradiated 
metmyoglobin was converted to a red pigment with an absorption spectrum very similar to 
that of oxymyoglobin when oxygen was removed from the myoglobin solution by repeated 
nitrogen flushing. 
In the 1970's, in addition to the theory that irradiation induces the conversion 
between oxymyoglobin and metmyoglobin, additional evidence showed that irradiation may 
produce new ligands that can bind heme and are related to color change. Clarke and Richards 
(1971) concluded from absorbance spectral peaks at 411, 542, 582, and 620 nm that the iron 
of metmyoglobin, myoglobin, or a mixture of oxy-and metmyoglobin irradiated in either 
oxygen, air, or nitrogen atmosphere was in the ferric (Fe3+) oxidation state, but the normal 
metmyoglobin structure was destroyed. They concluded that the 41 lnm Soret peak ruled out 
oxymyoglobin and that the 620nm band was "a result of irradiation." Satterlee et al. (1971) 
reported that irradiation of metmyoglobin in meat and in several different states of purity 
converted it to a red pigment that is similar to, but not identical with oxymyoglobin because 
of its Soret peak as 412 nm. This red pigment was assumed to be formed by the addition of a 
small molecule to the heme iron followed by reduction of the heme iron from the ferric to the 
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ferrous state. They noted that the red pigment formation was greatest in a nitrogen 
atmosphere, was slightly inhibited in air, and was greatly inhibited in an oxygen atmosphere, 
implying that the difference was depending on oxygen concentration in the atmosphere. But 
this study didn't specify the red pigment and ligands. 
2. New ligands produced by irradiation and meat color 
Radiolysis of meat components produces not only free radicals, but some secondary 
products from reactions between free radicals and between free radicals and meat 
components. These products, including hydrogen peroxide, carbon monoxide, sulfur 
compounds, etc., are strong binding ligands to heme and have been explored in their effects 
on the color changes of meat after irradiation. 
(1) H2O2 and irradiated meat color 
Hydrogen peroxide (H2O2) is one of the two known molecular products of water 
radiolysis (the other is H2) and its production is enhanced in the presence of oxygen. The 
reaction between myoglobin and H2O2 was testified by George and Irvine (1955), and the 
structure of the compound was confirmed to be ferrylmyoglobin (the state of iron is Fe 4+, an 
oxidation state) (Mochan and Nicholls, 1971). Giddings and Markakis (1972) suggested that 
irradiation of oxygen-containing metmyoglobin gave rise to ferrylmyoglobin via the reaction 
with radiation-generated H2O2, which was consistent with their observations that when beef 
steaks having an oxidized (brown) surface color were vacuum packaged and irradiated with a 
pasteurizing dose of ionizing irradiation, a purple surface color develops, indicating a 
reduction of surface ferrimyoglobin. Upon exposure to the atmosphere this radiation-reduced 
surface pigment oxygenates, becoming bright red, whereas prior to anoxic irradiation the 
color was brown. 
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H2O2 can activate heme pigments and generate the ferriperoxide form of myoglobin 
by the reaction of H2O2 with ferrimyoglobin. The oxy- and ferriperoxide forms of myoglobin 
have similar absorbance maxima in the visible region and generate a similar red color (Harel 
& Kanner, 1988). 
H202 is produced from the radical reactions, which will be discussed later. 
(2) Sulfur compounds and irradiated meat color 
Formation of green pigments has been observed in irradiated meat and in myoglobin 
solutions. Fox et al. (1958) reported that green pigments formed in irradiated beef had a 
maximum absorption peak at 616 nm, which is similar to that of sulfmyoglobin. Bemofsky et 
al. (1971) observed a 620 nm absorption band of regenerated oxymyoglobin indicating 
disruption of the normal porphyrin resonant double bond structure which results in either 
oxidation of, or addition of a small molecule such as H2S to the site of the ring. Motohashi et 
al. (1981) reported that sulfmyoglobin (SulfMb) can form when myoglobin reacts with 
cysteine. When metmyoglobin was irradiated in the absence of a-mercaptopropionylglycine 
(a-MPG), absorption bands at 503 and 630 nm shifted to 543 and 580, and the solution 
turned bright red, of which the absorption spectra was identical to that of ferryl heme. 
Addition of up to 0.25 mM a-MPG prevented this conversion. However, the color changed 
from brown to green when > 0.25 mM a-MPG was added to metmyoglobin solution and 
pigments exhibited sharp absorption peaks at 541, 581, and 617nm, characteristic of 
sulfmyoglobin. When a 10 fold excess of a-MPG was added to metmyoglobin, the formation 
of sulfmyoglobin decreased and oxymyoglobin increased. The authors suggested that 
aqueous electrons produced by radiolysis of water may promote sulfur release. The serial 
reactions are: 
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1. RS" + MbFe3+ H20 + 02 -»• MbFe2+ 02 + RS' + H20 
(metmyoglobin) (oxymyoglobin) 
2. RS'-^RSSR 
3. MbFe2+ 02 ^ MbFe2+ 02" + H20 MbFe3+ + 02" 
4. RS" + RS* + 02 —> RSSR + 02" 
5. 02 + 02 + 2H+ —> H202 + 02 
6. 2RSH + H202 —> RSSR+ 2H20 
7. MbFe3+ 02 + H202 -> MbFe4+ 02+ 02 + H20 
(ferrylmyoglobin) 
8. RS" + RS* + H+—• RSSR + H 
9. H + RS"—» 0.5 H2 + 0.5RSSR 
10. H + RS"—> HS" + R* 
11. MbFe4+' 02 + HS -»• SMbFe2+ + OH" 
(sulfinyoglobin) 
More recently, four visible bands around 445, 485, 560, and 635 nm have been 
identified as myoglobin, metmyoglobin, oxymyoglobin and sulfmyoglobin, respectively in 
irradiated raw chicken by using two-dimensional correlation analysis (Liu and Chen, 2000). 
In addition, Liu and Chen (2001) also reported that changes in the relative intensity ratios of 
absorbance at 485 nm to 560 nm and absorption as 635 nm to 560 nm, which are related to 
the absorption changes of metmyoglobin, oxymyoglobin, and sulfmyoglobin are useful 
monitor of irradiation color changes in chicken and other poultry meat. 
(3) Carbon monoxide (CO) and irradiated meat color. 
CO was found in the headspace of packaged radiation sterilized food (Pratt et al., 
1972) and in the radiolysis products of fatty acids (Simic et al., 1979). Using a gas 
chromatograph and flame ionization detector, Furuta et al. (1992) observed an increased 
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amount of CO in irradiated frozen deboned chicken sample, indicating that the level of CO 
could be used as a probe for irradiation detection. Nam and Ahn (2002 a and 2002b) reported 
that irradiation produced significantly greater amounts of CO and CH4 in turkey breast meat, 
and the redness of irradiated turkey breast and pork loin was well correlated with CO 
production and oxidation-reduction potential of these meats while beef was not ( Kim et al., 
2002). It was suggested by Nam and Ahn (2002a and 2002b) that the pigment responsible for 
pinking of irradiated turkey breast is CO-myoglobin and that changes in oxidation-reduction 
potential played an important role in the formation of the pigment, while the pigment 
responsible for off-color of irradiated beef was not determined. 
Further studies (Ahn and Lee, 2002; Lee and Ahn, 2003b and 2003c) found that in a 
model system, the major sources of CO produced from irradiation were amino acids and 
phospholipids. 
3. Free radicals play an important role in color formation of irradiated meat. 
Radiolysis of water produces several types of free radicals including aqueous (or 
hydrated) electrons (e"aq), hydroxyl radicals (*OH) and hydrogen radicals (H*). Interests in 
reactions of free radicals with myoglobin has been shown in several reports from Taub's lab. 
Whitburn et al. (1984) undertook a rigorous quantitative investigation of the interactions of 
•OH/ H* with oxymyoglobin with a focus on the nature and yields of myoglobin derivatives 
obtained from *OH/ H* interactions in deaerated solutions. Gamma-irradiation of aqueous 
solution containing predominantly oxymyoglobin leads to the near-quantitative conversion of 
the oxymyoglobin to the deoxy, ferri, and ferryl forms of myoglobin. The rigorously 
quantitative results demonstrated that both metmyoglobin and deoxymyoglobin were the 
major products of the interaction of radiation-generated *OH/ H* radicals with oxymyoglobin. 
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Co-production of ferrylmyoglobin (or ferrimyoglobin-peroxide) apparently derived from the 
H2O2 that is generated during irradiation. In addition, Whitburn et al. (1982) also reported 
that simultaneous reaction of hydroxyl radicals and aquated electrons with metmyoglobinin 
in irradiated solution produced dexoymyoglobin, not oxymyoglobin. 
According to the mechanism proposed by Whitburn et al. (1982, 1984), free radicals 
(•OH, H*, and e"aq) react with myoglobin at sites dispersed over the entire globin, in addition 
to reacting the heme site. The degree of dispersed reactivity depends not only on the number, 
spatial disposition, and kinetic reactivity of constituent peptide residues, but on the 
accessibility of the buried heme group within the globular protein. It is known that aromatic 
and heterocyclic groups and peptide carbonyls are particularly important sites for reaction 
with e"aq. Similarly, *OH and H* add readily to ring residues and abstract H atoms from C-H 
sites. All of the reactions produce secondary radicals (Taub et al., 1979). The secondary 
protein radicals possess various reducing and oxidizing capabilities. The quantitative 
analyses (Whitburn et al., 1984) of free radical composition changes in metmyoglobin 
showed that e~aq attack can lead to oxidation (producing ferrylmyoglobin) and that *OH attack 
can lead to reduction (producing deoxymyoglobin), although with low efficiency. These 
redox reactions were clearly globin-mediated. The primary aqueous radicals also react with 
radiolysis product derivatives once their concentrations build up. So various one-equivalent 
redox changes that occur simultaneously might balance each other and lead to observable 
compositional change: 
deoxymyoglobin metmyoglobin ferrylmyoglobin 
The efficiency of these redox changes had been determined for both e"aq and *OH reactivity 
(Whitburn, 1981, 1982). 
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However, the above conclusion made by Whitburn et al (1981) was questioned by 
Giddings (1982a and 1982b). Based on their study on the non-modified deaerated, irradiated 
aqueous ferrimyoglobin system, Giddings (1977) proposed that ferrimyoglobin can be 
expected to first undergo a fast reduction by the "hydrated electron": 
(1) Mb+++ + e"aq —> Mb++ 
While O2 is being generated by e reaction sequence such as the following: 
(2) H2O2 + "OH —> H02* + H2O 
(3) 2HO2" —>02+ H2O2 (and/or other 02-generating HO2* reactions) 
The already formed Mb++ can then rapidly coordinate with the generated O2 to give 
oxymyoglobin and the red color. While a small amount of quadrivalent (ferrylmyoglobin) 
obviously could also form since H2O2 is invariably produced, myoglobin is thought to be 
overwhelmingly in the reductive direction in the deaerated system. 
4. Structural change of myoglobin during irradiation 
Lycometros and Brown (1973) demonstrated that irradiation induced polymerization 
of myoglobin. The polymerization was dose dependent and enhanced by high ionic strength 
and increased myoglobin concentration. The heme pocket of the polymerized pigment 
appeared to be damaged and less effective in maintaining iron in the Fe2+ state. It was 
observed that metmyoglobin was more susceptible to irradiation-induced polymerization and 
this increased vulnerability was assumed to be the result of an opened protein configuration 
exposing more amino acid residues which altered the hydrophobic environment of the heme 
pocket. 
Irradiation enhanced lipid oxidation of meat especially when the meat is exposed to 
an aerobic condition. Lipid oxidation products such as aldehydes are reported to have impact 
34 
on various proteins. Chan et al. (1997) investigated the prooxidants effect of several second 
products of meat lipid oxidation on oxymyoglobin oxidation. The «^-unsaturated aldehydes 
nonenal and heptenal were found to be especially proxidative. Of the «^-unsaturated 
aldehydes, 4-hydroxyl-2-nonenal (HNE) has been well-studied and reported to be able to 
modify some cellular proteins. HNE can be found in meat and the concentrations reach as 
high as 0.15 mM in commercially produced beef and pork (Sakai et al., 1995). Using 
proteomincs tools, Phillips et al. (2002) found that HNE adducts on myoglobin covalently. 
The binding of HNE to myoglobin provides evidence that secondary products of lipid 
oxidation can change redox stability of myoglobin because irradiation produced more 
secondary products than HNE and other «^-unsaturated aldehydes. Their binding and 
modification of myoglobin as well as their further influence on meat color needs more 
investigation. 
Irradiation and Meat Flavor 
Flavor is an important sensory aspect of the overall acceptability of meat and meat 
products. Sensory quality of meat products is influenced by flavor volatiles as well as taste 
related high molecular weight components and non-volatile precursors (Shahidi, 1998). A 
good understanding of the chemistry of meat flavor and those factors that influence flavor 
quality during the production and processing of meat are of considerable importance for 
consumers' acceptance of the new meat products and new processing methods. An example 
is food irradiation. One of the quality concerns for irradiation is the specific off-odor of meat 
after irradiation. So understanding the mechanism involved in the irradiation off-odor 
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production will be very helpful for the improvement of quality of irradiated meat and poultry 
products. 
Meat products irradiated in non-frozen state develop detectable and specific aroma. 
Early researchers (Huber, et al., 1953; Mehrilich, 1966) described the irradiation odor as 
"metallic", "sufide", "wet grain", "goaty" and indicated that the strength of the undesirable 
flavors were dose-dependent. Heath et al. (1990) reported that irradiated uncooked chicken 
meat produced a characteristics bloody and sweet aroma. The irradiated turkey breast fillet 
developed unpleasant odor when stored in oxygen impermeable films (Lynch et al., 1991). 
Hashim et al. (1995) reported that the off-odor of irradiated uncooked chicken remained even 
after cooking. 
On the contrary to the unpleasant aroma described by other researchers, Ahn et al. 
(2000) described irradiation off-odor as "barbecued corn-like". In the same study, sensory 
panel could distinguish the off-odor of irradiated meat from non-irradiated meat at day 0, but 
couldn't differentiate the dose effect. The off-odor remained in vacuum package after two 
weeks of storage and disappeared in aerobic package after one week of storage. 
The theory and technique of irradiation has been discussed before, and thus meat 
flavor chemistry will be discussed in this chapter. 
Chemistry of meat flavor formation 
Generally raw meat has little aroma and only a blood-like taste, but it is a rich 
reservoir of taste and aromatic precursors (Bender and Ballance, 1961). The characteristic 
flavor of cooked meat derives from thermally induced reactions occurring during heating, 
principally the degradation of lipids and Maillard reactions. Both reactions involve complex 
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pathways leading to a wide range of products, which account for the large number of volatile 
compounds in cooked meat. 
The major precursors of meat flavor can be divided into two categories: lipids and 
water soluble components (Mottram, 1997). The major water-soluble flavor precursors are 
free sugars, sugar phosphates, nucleotide-bound sugars, free amino acids, peptides, 
nucleotides, and other nitrogen-containing compounds, such as thiamine (Macleod and 
Seyyedain-Ardebili, 1981). Among them, cysteine and ribose play the most important role in 
flavor formation. They were deduced most during heating and involved in the formation of 
meat-like flavor by heating a mixture of them (Macleod, 1986). 
1. Volatiles from lipid degradation 
In addition to subcutaneous fat and other fat tissues, triacylglycerols are present 
within the muscle (Aberle et al., 2001). All tissues also contain structural phospholipids. 
During heat processing of meat, thermal degradation of lipids results in the formation of 
more than half of the total volatiles reported (Mottram, 1998). 
Work on meat flavor in 1960s (Homstein and Crowe, 1960; Wasserman and Gray, 
1965) suggested that fat tissues provided specific characteristics while lean tissues contained 
the precursors for the meaty flavor that are characteristic of all cooked meats. In addition, it 
was recognized that oxidation of fat could produce undesirable flavor compounds and lead to 
rancidity. Fat can also serve as a solvent for aroma compounds and can therefore influence 
the release of flavor of meat (Wasserman and Spinelli, 1972). It is now realized that lipid-
derived volatiles play an important role in both desirable and undesirable meat aroma as 
aroma compounds as well as intermediates. 
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So, at least two major systems are involved in lipid-related flavor formation. One is 
the thermally induced oxidation of acyl chains of the lipid, the other is the autoxidation of 
unsaturated fatty acid chain. The reactions in both of the two systems follow similar 
autoxidation, which involve the free radical mechanism and the formation of intermediate 
hydroperoxides (Frankel, 1980). Decomposition of hydroperoxides involves further free 
radical mechanisms and the formation of non-radical products including volatiles (Grosch, 
1993). The degradation of hydroperoxides initially involves hemolysis to give an alkoxy 
radical and a hydroxyl radicals, which is followed by the cleavage of the fatty acid chain 
adjacent to the alkoxy radical. Cleavage of a saturated alkyl group can result in either 
saturated aldehydes or alkyl radicals. The latter can either give an alkane or react with 
oxygen to form a new hydroperoxide. The new hydroperoxide breaks down to form an 
alkoxy radical and then gives stable non-radical products such as alcohols or aldehydes. The 
unsaturated alkyl chain with one or more double bonds will give analogous compounds 
containing the double bonds, but the final range of products is more complicated due to 
further oxidation of the remaining unsaturated chain (Grosch et al., 1993). 
In addition to aldehydes and alcohols, other compounds like ketones, hydrocarbons, 
and furans are also formed in these and related reactions above. Lipid degradation products 
have been found to dominate in boiled and lightly grilled or roasted meat (Mottram, 1985). 
The contribution of these compounds to the overall flavor of cooked meat is dependent on 
their odor threshold. Some compound's contribution is small due to their relatively high odor 
threshold while some compounds have sufficiently low odor threshold for them to directly 
contribute to meat aroma, such as aldehydes, unsaturated alcohols and ketones. 
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The aromas of lipid degradation products like aldehydes are described as green, fatty, 
or tallowy, and 2,4-decadienal is reported to have an aroma of fat-fried food. It seems that 
aliphatic aldehydes contribute to the fatty flavors of cooked meat. In addition, aldehydes, are 
probably also involved in certain species characteristics (Mottram, 1991). The higher 
proportion of unsaturated fatty acids in the triglycerides of pork and chicken, compared with 
beef or lamb, gives more unsaturated volatile aldehydes in these meats and such compounds 
may be important in determining the specific aromas of these species (Noleau and 
Toulemonde, 1987). 
2. Volatiles from Maillard reaction 
The Maillard reaction, occurring between amino compounds and reducing sugars, is 
one of the most important pathways for flavor release of cooked food. The reactions are 
complex and provide large amount of compounds that contribute to flavor (Tressl et al., 
1993). The Maillard reaction does not require very high temperature and occurs much more 
readily at low moisture levels. Hence flavor compounds of meat produced by the Maillard 
reaction tend to be associated with the areas of cooked meat that have been dehydrated by the 
heat source (Mottram and Whitfield, 1994). 
The mechanism of the Maillard reaction proposed by Hodge in 1953 provides the 
basis of understanding the early stage of the reaction (Hodge, 1953). The initial stages of the 
reaction involve the condensation of the carbonyl group of reducing sugar with the amino 
compound, to form a glycosylammine, which subsequently rearranges and dehydrates to 
sugar dehydration and degradation products such as furfural and furanone derivatives, 
hydroxyketones, and dicarbonyl compounds. The second stage of the Maillard reaction 
involve the interactions of these compounds with other reactive compounds such as amines, 
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amino acids, aldehydes, hydrogen sulfide and ammonia, which provide the aroma 
compounds characterizing cooked food. 
One important reaction related with Maillard reaction is Strecker degradation, 
involving the oxidative deamination and decarboxylation of the a-amino acid in the presence 
of a dicarbonyl compound, and leads to the formation of aldehyde and an a-amino ketone. 
Strecker degradation of cysteine not only produces Strecker aldehyde and a-aminoketone, 
but hydrogen sulfide, ammonia and acetaldehyde which are formed from the breakdown of 
intermediate mercaptoiminol. The Strecker degradation of methionine produces methional, 
methanethiol and 2-propanal. These compounds are important for the formation of some 
highly odoriferous compounds, which play an important role in meat flavor (Schutte, 1974). 
All products from the Maillard reaction can react with each other or with reactive 
compouns such as amine, amino acids, hydrogen sulfide, thiols, ammmnia, acetaldehyde and 
other aldehydes. These additional reactions lead to many important flavor compounds 
including heterocyclic compounds. 
3. Sulfur-containing compounds in meat 
One distinguishing characteristic of volatiles from cooked meat is the sulfur-
containing compounds. Most sulfur-containing compounds have low odor thresholds with 
sulfurous, onion-like and sometimes, meaty aroma. However, their low odor thresholds make 
them important contributors to the aroma of cooked meat, and they probably contribute to 
overall meat flavor of boiled meat (Mottram, 1991). In a model system containing hydrogen 
sulfide or cysteine, and pentose or other carbonyl compounds, 2-methyl-3-furanthiol and 
analogous thiopenethiol were found in the volatiles from reaction of cysteine and ribose 
(Farmer and Patterson, 1991), and from the thermal degradation of thiamine (Gùntert et al., 
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1993). These thiols can be oxidized to the corresponding disulfides, which can also be found 
in model systems. In meat itself, 2-methyl-3-furanthiol and the corresponding disulfide, bis-
(2-methyl-3-furanyl) sulfide were identified as major contributors to meaty flavor of cooked 
beef, chicken, and pork (Grosch, 1993). The odor threshold of the disulfide that was reported 
only 0.02 ng/kg, is one of the lowest known threshold values (Buttery et al., 1984). 
Most of the volatile compounds identified from cooked turkey were also lipid 
degradation products such aldehydes, hydrocarbons, alcohols and ketones as reported by Wu 
and Sheldon (1988) as well as Ramaswamy and Richards (1982). Two sulfur-containing 
compounds, dimethyl disulfide and dimethyl trisulfides were found in cooked turkey breast 
rolls. Dimethyl disulfide and dimethyl trisulfides were considered as products of Strecker 
degradation of methionine and cysteine (Schutte, 1974). Dimethyl trisulfides maybe a 
contributor of desirable flavor of cooked turkey (Wu and Sheldon, 1988). 
Mechanism involved in off-odor formation of irradiated meat 
Irradiation accelerated lipid oxidation along with the increase of total amounts of 
aldehydes, ketones, and alcohols during storage (Jo, 1999). Using the dynamic headspace 
GC/MS method, the headspace volatiles of irradiated meat were determined (Ahn et al., 
2001). Irradiated pork produced a greater number of volatiles than non-irradiated pork. 
Butane, propane, mercaptomethane, dimethyl sulfide, methyl thioacetate and dimethyl 
disulfide were detected in irradiated meat but not in non-irradiated meat. Carbon disulfide 
was found significantly increased after irradiation. Hexanal, an off-flavor volatile associated 
with meat lipid oxidation increased in irradiated meat with aerobic package. Most sulfur and 
carbonyl compounds have low odor threshold and were considered to important to irradiation 
odor (Angelini et al., 1975). 
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The volatiles responsible for irradiation off-odor were also reported by other 
researchers. Batzer and Doty (1955) reported that methyl mercaptan and hydrogen sulfide 
were important to irradiation odor. Patterson and Stevenson (1995) indicated that dimethyl 
trisulfide was the most potent off-odor compound, followed by nonenals, oct-l-en-3-one, and 
methylthiomethane in irradiated chicken meat. 
The results above indicated that sulfur-containing compounds were the major volatile 
compounds responsible for the irradiation off-odor and that irradiation off-odor is distinctive 
from that of warmed-over flavor of oxidized meat (Ahn and Lee, 2004). 
Sources of irradiation volatiles 
To determine the major sources and mechanism of irradiation off-odor volatiles, oil 
emulsions containing amino acids, glutathione, bovine serum albumin, gelatin, and 
myofibrillar proteins were prepared (Jo, 1999). Irradiation not only increased the aldehydes 
from lipid oxidation of oil emulsions, but produced new volatiles from oil emulsions 
containing leucine, valine, isoleucine, phenylalanine, methionine, and cysteine, indicating 
that both radiolysis of protein and lipid oxidation were important for off-odor development in 
irradiated meat. 
Further study (Ahn, 2002) with amino acids model system found that many new 
volatiles produced from amino acids. However, only sulfur-containing volatiles had a strong 
odor that was similar to the irradiation odor. Methionine was the major amino acids 
responsible for sulfur-containing volatiles while the amount of volatile from cysteine is only 
0.25-0.35% of that of methionine. The result of this study also indicated that more than one 
site of amino acid side chain were susceptible to free radical attack, many volatiles were 
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apparently produced from the secondary chemical reactions after the primary radiolytic 
degradation of the side chains. 
Further investigations on the mechanism of irradiation off-odor production are so far 
very limited. As discussed above, free radicals produced from water radiolysis play important 
role on meat protein structure and function. More studies on free radicals and protein 
oxidation might be helpful for exploring the sources of off-odor volatile from irradiated meat. 
Protein radiolysis has been discussed before (See Meat Irradiation Part). 
Proteins react very efficiently with primary water-derived free radicals. e"aq and OH* 
radicals may react with many targets, and hence various forms of reaction and modifications 
are expected. Hydrated electron e~aq induces reduction of almost all amino acids. The fastest 
reaction is with disulfide groups (Buxton et al., 1988). Like e"aq, OH* can react with all 
amino acids too. But the reaction between OH* and amino acids are not reduction. OH* may 
withdraw an H atom from the a-carbon. In the presence of oxygen, a peroxyl radical is 
formed, which releases superoxide. The process also leads to polypeptide chain 
fragmentation (Stadtman, 1993). For aliphatic residues, rate constants are correlated with the 
strength of the X-H bond (X=S, C, or N) (Simic, 1976). Thus, the reaction is fast with the -
SH of cysteine. Oxidation of cysteine formed thiyl radical and a carbon-centered radical. In 
the presence of oxygen, thiyl radical fixes O2 giving peroxyl radicals. Then disulfide radical 
cation is formed (Sevilla et al., 1987). 
Oxidation of methionine residue has been extensively studied. Reaction of OH* 
radical is fast and proceeds via formation of hydroxyl sulfuranyl radical (>*S-OH). When 
methionine is in a peptide, the fate of hydroxyl sulfuranyl radical is strongly dependent on 
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the position of methionine in the peptide, neighbouring residue, and the conformation. The 
final product of methionine radiolysis is methionine sulfoxide (Vogt, 1995). 
Consumer Acceptance of Irradiated Meat 
There are wide differences in the knowledge that consumers have about food 
technology. When combined with the fact that consumers also have different information-
processing styles, a step-wise approach might be the most effective communication strategies 
to disseminate food technology (Wansink et al., 2003). That is, consumer need to accept the 
processes of food technology first, and then they can adopt specific products. Therefore, 
having information and confidence about food technology is necessary for consumers before 
they accept product made through technologies. 
Consumers acquire food safety-related information from various sources, such as 
government publications, consumer organizations, research institutes, and the media. 
There are conflicts among these sources, leading to consumers' confusion and rejection of 
new food technology. To increase consumer acceptance of new food technology, therefore, 
an integrative and coordinated communication effort from multiple information sources is 
essential (Wansink, 2004). 
Although food irradiation is widely used outside the United States, and approved by 
federal regulations for raw pork in 1986, for raw poultry in 1992, and for all raw meats in 
February 2000, this process has not yet been commercially successful. Prior to May 2000 few 
grocery stores offered irradiated poultry, and none offered irradiated meats (Frenzen et al., 
2000). In May 2000, irradiated frozen ground beef patties were first shown in market of 
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Minneapolis-St. Paul area. Since then irradiated beef products entered into additional markets 
(Lipsky, 2000; Murphy, 2000). However, the growth of irradiated meat market is still low 
due to a couple of uncertain factors that influence consumer demand. 
First of all, what consumer concerned the most is the safety and potential health risk 
of food irradiation. A national survey in 1993 found that 60% of adults thought that irradiated 
foods might be radioactive or capable of causing cancer or birth defects (American Meat 
Institute Foundation, 1993). Another survey by Food Marketing Institute (1997) showed that 
69% of supermarket shoppers believed that irradiated foods posed a health risk. 
Further research found that acceptance of irradiated food was affected by consumers' 
knowledge about food irradiation (Bord, et al., 1989; Lusk et al., 1999; Nayga, 1996). Market 
simulation experiments have found that the proportion of consumers buying irradiated meat 
and poultry increased after the participants received additional information about food 
irradiation (Hashim et al., 1995). The findings discovered by Bruhn (1995, 1997) suggested 
that targeted educational messages about food irradiation could increase consumer 
acceptance of irradiated foods. 
Consumer's willingness of buying irradiated food is also associated with other factors, 
such as gender, education level, income, exposure to raw meat and poultry, geographic 
location, et al. Goss et al. (1995) studied consumer attitudes regarding the irradiation of food. 
The attitudes of Oklahoma Association for Family and Consumer Education (OAFCE) 
members toward food irradiation were determined. Their results showed that only 39% of the 
respondents knew that food irradiation increased shelf life, 33% were aware of the 
availability of irradiated foods and would purchase irradiated meats, fruits, vegetables, and 
miscellaneous food items, and only 10% knew about radioactivity, safety, and the changes in 
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nutritive value, texture, and taste of irradiated foods. There were significant associations 
between race, income, education, residence, and purchasing trends. 
One possible reason that blocks consumer acceptance of food irradiation is the 
informational dissemination by some advocacy group such as Organic Consumer Association. 
On their website, anti-irradiation descriptions are listed and updated, including: (1) Food 
irradiation is a process whereby food is exposed to radioactive materials and receives as 
much as 300,000 rads of radiation, which is equivalent of 30 million chest x-rays in order to 
extend food shelf life. (2) Irradiation results in the creation of radiolytic chemicals, some of 
which are known carcinogens. (3) Food irradiation industry is a private, for-profit related to 
US nuclear weapons and nuclear power industry (www.organicconsumers.org). Fox et al 
(2002) investigated how favorable and unfavorable descriptions affected consumer 
preferences for irradiated pork. Subjects were given both a favorable and unfavorable 
description. The favorable description emphasizes the safety and benefits of the process 
while the unfavorable description stressed the potential risk. The results showed that the 
negative description dominated and willingness-to-pay decreased. This was true even though 
the negative information was written in a non-scientific manner and identified to be provided 
by a consumer advocacy group. Their results suggested that claims made against new 
technologies such as irradiation can significantly influence consumer perception even in the 
presence of favorable information from "experts". Their results suggested that if consumer's 
opinion is sensitive to negative information by consumer advocates, then it is likely at least 
as sensitive to negative claims about food innovations made by governments and 
disagreement from government's own scientists. 
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Frenzen et al. (2001) estimated consumer's willingness to buy irradiated meat or 
poultry by a logical regression model using data from the 1998-1999 FoodNet Population 
Survey. 49.8% of the 10,780 adult respondents were willing to buy irradiated meat or poultry. 
After adjusting for other factors, consumer acceptance of these products was associated with 
gender, greater education, higher household income, food irradiation knowledge, household 
exposure to raw meat and poultry, consumption of animal flesh, and geographic locations. 
Although the study was focused on five risk factors for foodbome illness: unsafe food 
handling and consumption behavior, young and old age, and compromised immune status, 
there was no difference in consumer acceptance by any of the foodbome illness risk factors. 
The author couldn't give clear reason why persons at increased risk of food borne illness 
were not willing to buy irradiated products, which could reduce the hazards they faced in 
handling or under-cooking raw meat or poultry contaminated by microbial pathogens. 
Strategies to improve quality and consumer acceptance of irradiated meat 
The detrimental effects of irradiation on color, flavor, and sensory quality of meat are 
considered to be the obstacle to extend this technology. Efforts to optimize processing 
conditions pre- and post mortem to produce high quality products have been explored. 
Strategies including modification of packaging conditions (Nam and Ahn, 2003), and 
application of antioxidants (Nam et al., 2003) have been proposed. 
Modification of packaging conditions 
A double-packaging method was investigated by Nam et al. (2003). Meat samples 
were individually packaged in an oxygen permeable zipper bag first. After several days 
storage, they were repackaged in an oxygen impermeable vacuum bag. This double-
packaging method improved both color and flavor of irradiated meat. Both lipid oxidation-
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dependent (aldehydes) and irradiation-dependent volatiles (sulfur-containing compounds) 
were significantly reduced. However, the modified packaging had no significant effect on 
color change. 
Modified atmosphere packaging (MAP) prior to irradiation has substantial benefits on 
meat color depending on the gas mix in the MAP (Lee et al., 1996). Pork chops in 25% 
C02/75% N2 were pinker and had more acceptable color than those packaged in a 50/50 
mixture (Grant & Patterson, 1991). 
Application of antioxidants in irradiated meats 
Antioxidants are ingredients that can delay oxidative progress by scavenging free 
radicals or quenching chain reactions. The most effective antioxidants are phenolic 
compounds. Synthetic antioxidants such as butylated hydroxytoluene (BHT), butylated 
hydroxyanisol (BHA), propyl gallate (PG), and tertiary butylhydroquinone (TBHQ) have 
been approved by USDA (2000). USDA regulations permit up to 0.01% (based on fat 
content) each of BHA, BHT, and TBHQ in fresh sausage and up to 0.003% (based on total 
weight) each in dry sausage. Due to consumer's health concerns for the synthetic 
antioxidants more and more alternative "natural" antioxidants have been explored (Decker 
and Mei, 1996). 
Nam et al. (2003) reported that sesamol plus a-tocopherol (0.02%) added to pork 
patties prior to irradiation (4.5 kGy) reduced TBARS in aerobically packaged pork during 
storage but had no effect on pork redness. The combination of propyl gallate and a-
tocopherol reduced dimethyl disulfide and dimethyl trisulfide by 55% and 91%, respectively, 
compared to the irradiated control meat. Dimethyl disulfide and dimethyl trisulfide 
disappeared after storage in aerobic conditions. However, red color was not affected by a-
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tocopherol, gallate, sesamol, carnosine, trolox or various combinations of these when used in 
turkey breast homogenates prior to irradiation (Lee and Ahn, 2003a). 
Although direct addition of synthetic and natural antioxidants in meats can reduce the 
side effects induced by irradiation and storage, there are still some disadvantages that limit 
their applications. Antioxidants are commonly utilized in uncured fresh sausage and dried 
sausage since sodium nitrite in cured meat has strong antioxidant effect. For large amount of 
fresh whole muscle, direct addition of antioxidant makes no sense. The only way to increase 
the antioxidative potential of fresh meat is dietary supplementation, which will be discussed 
in the following sections. 
Dietary vitamin E and meat quality 
Nutritional Status of Vitamin E in livestock 
The role of vitamin E in maintaining health and normal metabolism of humans and 
animals has been well studied during the past 25 years. Most research has focused on the 
exploring the functions of vitamin E inn the prevention of overt signs of inadequacy such as 
nutritional muscular dystrophy, poor reproduction, and poultry exudative diathesis as well as 
on immune competence and hormone metabolism (Sell, 1996). 
Research on dietary requirements of growing turkeys has been comparatively 
inadequate. Vitamin E requirements listed in NRC (National Research Council, 1994) for 
grower and starter turkey ranged from 10 to 12 IU/kg diet. These data were based on reduced 
incidence of enlarged hocks, growth, and absence of nutritional muscular dystrophy (Scott, 
1953). As pointed out by Sell (1996), NRC requirements are the minimum of estimates with 
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no safety margin. Vitamin E fortification for growing turkey diets is commercially routine 
and the average fortification levels for starter, grower, and finisher diets in USA are 38, 27 
and 26 IU/kg based on survey data (Ward, 1993). 
However, more and more evidence showed that vitamin E supplementation levels by 
turkey industry are inadequate even though they meet or exceed NRC requirement. Vitamin 
E intake in excess of estimated requirements can improve health status and disease resistance 
of animals (Tengerdy et al., 1984). 132 IU/kg vitamin E in chicken diet enhanced the 
immune response of chickens (Tengerdy et al., 1972). Tengerdy and Nochels (1975) also 
found that 300 IU/kg supplemental vitamin E reduced mortality of chicken challenged with E. 
coli. Similar results were observed for turkey with diets containing 150-300 IU/kg vitamin E 
(Nockel, 1979). More recently, vitamin E was found to be critical in T cell differentiation in 
rats and capable of increasing the ratio of mature CD4+CD8- (T helper cells) to CD4-CD8+ 
thymocytes (Moriguchi and Muraga, 2000). Erf et al. (1997) reported that vitamin E could 
increase the percentage of mature CD4+CD8- T helper cells in the thymus and spleen of 
broilers and enhanced immunity of birds to infections of E. coli, coccidiosis, bursal disease, 
and Newcastle disease. Vitamin E also enhanced heterophils: lymphocytes ratio and 
improved phagocytic ability, although the effects varied within the commercial broiler 
nuclear lines (Boa-Amponsem et al., 2000) 
Dietary vitamin E and oxidative stability of meat 
In addition to playing an important role in health and performance of growing 
animals, vitamin E can influence quality of meat. Numerous studies have shown that 
supranutritional levels of vitamin E improved the quality and storage stability of pork and 
poultry. Vitamin E supplementation not only significantly increased a-tocopherol contents of 
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subcellular components (mitochondria and microsomes) in muscle fibre, but of muscle 
membranes (Asghar et al., 1990, 1991). Higher concentrations of a-tocopherol in 
mitochondria and microsomes may provide greater protection against lipid oxidation which 
may affect the stability of the entire muscle cell and subsequently affect meat quality factors. 
Lauridsen et al. (1997) found that supplementation with a-tocopheryl acetate had a 
significant influence on a-tocopherol concentration in both mitochondria and microsomes of 
breast and thigh muscles of broilers. 
The incorporated endogenous a-tocopherol in muscle and muscle membranes cannot 
be degraded easily during storage and cooking, and showed protective effect on meat and 
meat product from oxidative deterioration (Pfalzgraf et al., 1995; King et al., 1995; Miller, 
1995). Thiobarbituric acid reactive substances (TEARS) value is recognized as a marker of 
oxidative deterioration of meat and meat product. A TEARS number (concentration of 
malondialdehyde equivalents (MDA)) of 0.5mg/kg in raw meat is considered as the bottom 
line of oxidation off-odor as detected by trained sensory panelist (Tarladgis et al., 1960). 
Dietary high level of vitamin E has been demonstrated to reduce TEARS value of pork 
(Buckley et al., 1989; Miller et al., 1994; Monahan et al., 1994). In these studies when pigs 
were fed 0-10 IU/kg vitamin E, TEARS values were reached to the critical value (0.50-2.96) 
after a few days refrigerated storage. Increasing dietary vitamin E levels to 200 IU/kg 
resulted in TEARS value below 0.50, indicating that eating quality is still acceptable after 
refrigerated storage. In case of poultry, lipid peroxidation of turkey meat was reduced by 
increasing a-tocopherol concentration in muscle tissues through vitamin E supplementation 
in the diet (Rethwill et al., 1981). As a result, shelf life of fresh and frozen turkey meat was 
51 
extended and the development of rancidity and off-flavors in the cooked products was 
reduced (Marusich et al., 1975). 
Vitamin E can reduce lipid oxidation induced by exposure to frozen storage, light and 
oxygen, cooking, and irradiation. Although frozen storage extends shelf life, lipid oxidation 
is one of the major quality concerns. Lipid oxidation during long term storage was effectively 
reduced in pork patties (Buckley et al, 1980), broiler (Lin et al., 1989), and turkeys (Wen et 
al., 1996). 
Exposure of meat samples to light increased TEARS value by 515% and 200 IU/kg in 
pig diet resulted in 81% reduction of TEARS value in supplemented pork chops (Buckley et 
al., 1989). Modified -atmosphere packaging (MAP) with a high level of oxygen improved 
color and color stability of raw meat, but increased lipid oxidation. Lanari et al. (1995) found 
that the combination of dietary vitamin E and MAP (80% 0a/20% CO2) reduced TEARS 
value from 0.84 to 0.40. 
Vitamin E supplementation has also been demonstrated to be an effective approach 
for decreasing rapid oxidative deteriorations of pre-cooked ready-to-eat meat products. Lipid 
oxidation of pre-cooked chicken thigh and breast were reduced by 39% and 55%, 
respectively when chicken diet contained 100 IU/kg vitamin E (Jensen et al., 1995). 
Increasing dietary vitamin E has been shown to decrease the amount of total cholesterol 
oxidation products of cooked pork by 22% and veal by 68% (Monahan et al., 1992; Engeseth 
et al., 1993). 
Dietary vitamin E and color stability of fresh meat 
Fresh meat color is determined by oxidation status of myoglobin. The redox 
chemistry of myoglobin plays an important role in the sensory aspect of meat color (Aberle 
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et al., 2001). The formation of metmyoglobin from oxymyoglobin appears related to lipid 
oxidation and to be dependent on antioxidant status (Yin et al., 1993). 
The effect of dietary supplementation of vitamin E on color quality is more evident in 
species having higher levels of myoglobin, and the positive relationship between dietary 
vitamin E. Improved color stability has been observed especially in fresh and frozen beef 
(Faustman et al., 1989; Chan et al., 1996; Liu et al., 1996; Lanari et al., 1993) and lamb 
(Guidera et al., 1997). 
However, the relationship between dietary vitamin E and color stability of pork and 
poultry is not constant. The efficiency of supplemental vitamin E to control color 
deterioration in pork meat varies. Feeding pigs 100-200 mg/kg a-tocopheryl acetate resulted 
in improved color stability of chill stored pork chops (Monahan et al., 1994; Dirinck et al., 
1997) as compared with feeding basic levels of 0-10 mg/kg a-tocopheryl acetate. Nam et al. 
(2003) reported that breast meat from turkey fed 100 and 200 mg/kg vitamin E had higher a* 
value than control for both non-irradiated and irradiated meats. However, Jensen et al. (1997) 
found no difference in color of pork chops from pigs fed 100 mg, 200 mg or 700 mg/kg a-
tocopheryl acetate feed. Similarly, Mercier et al. (1997) reported that no effect of 400 mg/kg 
vitamin E supplementation on Hunter a* and b* values of turkey breast and thigh. 
The occurrence of pale, soft, exudative (PSE) breast meat in turkeys and consequent 
adverse effects on the quality and marketability of this meat has become a major industry 
concern (Sosnicki and Wilson, 1991). Although PSE in turkey meat seems to be dependent 
on genetic susceptibility of the birds and can be induced by external stress, its incidence may 
be modified by nutrition. Ferket and Foegeding (1994) reported that when turkey toms were 
fed 250 mg/kg of vitamin E from 0 to 18 weeks, evidence of PSE in breast meat was 
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significantly reduced. Less incidence of PSE-associated changes in breast meat when 200 
mg/kg vitamin E was fed from 16 to 18 weeks was also observed, indicating that short-term 
feeding of this vitamin may be an economical way to reduce the incidence of PSE in breast 
meat. 
Dietary Selenium and meat quality 
Selenium sources in animal diets 
Chemically, selenium is classified as a metalloid, with properties of both metals and 
non-metals. Element Se can be reduced to the -2 oxidation state (selenide), or oxidized to the 
+4 (selenite) or +6 (selenate) oxidation state. 
Selenium is closely related to sulfur in structure and function. They have similar 
chemical and physical properties such as similar outer-valence-shell electronic configurations 
and atomic sizes (in both covalent and ionic states), same bond energy, ionization potential, 
electron affinities, and polarizabilities (Umat, 1986). However, there are two significant 
differences in chemistry that distinguish them in biological functionality. 
Firstly, selenium can be more easily reduced to its oxyanions than sulfur. Thus, in 
biological system, Se compounds tend to be metabolized into more reduced states while S 
compounds tend to be metabolized into more oxidized states (Levander, 1976). Various 
selenium compounds that are important in nutrition are listed in Table3, it can be noticed that 
the selenium metabolite in nutrition and biochemistry are in reduced state though the primary 
compounds that supplemented in food and feed are in higher oxidation state (Comb and 
Combs, 1986). 
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Table 3.Important Selenium Compounds in Nutrition 
Oxidation state of Se Compounds 
Se": H2Se 
Na2Se 
(CH,)zSe 
(CH,),Se+ 
selenocysteine 
selenomethionine 
Se-methyl-selenocysteine 
Selenocystathionine 
Selenotaurine 
Se" Selenodiglutathione 
Amorphous selenium 
Red selenium (alpha-monoclinic) 
Dark red selenium (beta-monoclinic) 
Se+4 
Gray selenium (hexagonal) 
H2Se03 
Na2Se03 
Se"* Na->SeOd 
(Combs and Combs, 1986) 
Biological functions of Selenium 
Before the 1950s, Se had been considered by most scientists to be toxic. The Hoof 
disease happened in thirteenth-century China appeared on the American Great Plain 
(northern Nebraska and South Dakota) as so-called "alkali disease" and "blind staggers 
disease". These symptoms in cattle and horses were shown in early 1930 as a result of 
consuming plants that accumulated Se from Se-rich soils (Franke, 1934a, b, c). Se was 
classified by the U.S. Department of Agriculture as a carcinogen and its addition to animal 
feeds was prohibited. 
The finding of the nutritional benefits of Se was associated with that of vitamin E and 
hence, with antioxidant activity. In the 1950s, Schwarz (Schwarz and Foltz, 1957; Schwarz et 
al., 1957) found a so-called "Factor 3" that could prevent the liver necrosis in rats caused by 
the combination deficiency of cysteine and vitamin E. The effectiveness of this "Factor 3" on 
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liver necrosis was demonstrated to be proportional to liver Se content. At the same time, 
Patterson et al. (1957) discovered that simple supplementation of Se through diet could 
prevent chicken exudative diathesis, a disease caused by plasma leakage from capillaries into 
subcutaneous spaces due to consuming vitamin E deficient diet. It was not until then Se was 
recognized as having nutritional significance and possibly an essential nutrient. 
Se was shown to have a number of important biological functions which depend on 
the activities of selenium-containing proteins. Glutathione peroxidase (GSHPx) is one of 
these selenoprotein to be first identified. Glutathione peroxidase system was discovered by 
Mills (1957) and Mills and Randall (1963) to protect erythrocytes hemoglobin from 
oxidation induced by ascorbic acid. Further research by Rotruck et al. (1972) at the 
University of Wisconsin found that the level of glutathione (GSH) (a substrate for 
glutathione peroxidase) in erythrocytes of Se-deficient rats was higher than those of Se-
supplemented rats, suggesting that Se-deficiency was related to the utilization of GSH rather 
than to its maintenance. These investigators further showed that erythrocyte preparation of 
normal sheep that had been injected with75 Se exhibited normal level of glutathione 
peroxidase and that most of the radioactivity presented in the erythrocyte was recovered in 
the highly enriched glutathione peroxidase preparations (Rotruck et al., 1973). 
Cone et al. (1976) observed that selenium was required for synthesis of the small heat 
stable protein A of bacterial glycine reductase complex. Their further identification first 
demonstrated that selenocysteine is the essential amino acid residue in a selenoenzyme. 
Flohé et al. (1973), who had studied the mechanism and kinetics of bovine glutathione 
peroxidase, put the crystalline enzyme to neutron activation analysis and found that the 
tetrameric enzyme contained about 4 gram atom of Se per mole. More work by Forstrom et 
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al. (1978) on mammalian glutathione peroxidase using the same procedure they developed 
for the bacterial enzyme showed that selenium moiety in mammalian glutathione peroxidase 
was selenocysteine (Forstorm et al., 1978). So, it took almost twenty years from the time 
selenium was recognized as an essential dietary trace element for animals until it was 
discovered to occur in certain protein as a selenocysteine. 
Most of the essential selenoproteins contain selenocysteine residues. The question is 
what is the specific mechanism of insertion of selenocysteine into selenoprotein. The first 
evidence came from the discovery that the gene encoding mammalian glutathione peroxidase 
and E. coli formate dehydrogenase contained a TGA ( T, thymine nucleotide; G, guanine 
nucleotide; A, adenine nucleotide) triplet, which normally indicates termination (Chambers 
et al., 1986; Zinoni et al., 1986). The studies of August Bock and his colleagues (1991) 
provided proof that TGA triplet (UGA in message) directed the cotranslational incorporation 
of selenocysteine into formate dehydrogenase. Their early study showed that read-through of 
the UGA codon required the presence of selenium in the growth medium, but when TGA was 
mutated to a cysteine codon, a full length of protein was synthesized without selenium. 
Through a series of E. coli mutants that were defective in formate dehydrogenase activity, a 
special tRNA that has a UAG anticodon complementary to UGA was discovered (Bock et al., 
1991a). This tRNA is charged with L-serine by Ser-tRNA ligase. Then selenocysteine 
synthase convert the seryl-tRNA to enzyme-bound 2,3-aminoacrylyl-tRNA, which in the 
presence of selenophosphate as a selenium donor, is converted to selenocystyl-tRNA. Both 
selenocysteine synthase and selenophosphate synthetase were discovered as products of 
genes that complemented mutants defective in formate dehydrogenase synthesis (Leinfelder 
et al., 1988; Bock et al., 1991b). In E. coli formate dehydrogenase mRNA, the actual 
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decoding of UGA for selenocysteine insertion requires the existence of a stable stem-loop 
structure that is immediately adjacent to the UGA, while in eukaryotic selenoprotein mRNA 
this structure occurs in the 3'-untranslated region of the mRNA (Baron et al., 1993). 
Although selenium is recognized as an essential part of GSHPX enzyme system, 
which functions to protect cellular compartments for oxidative stress (Combs and Combs, 
1986), there is evidences indicating that GSHPX is not the only active form of selenoprotein 
in the cell. More than 20 different selenoproteins have been identified in rat tissues and 
several Se-containing enzymes have been reported in microorganisms (Combs and Combs, 
1986). However, plasma GSHPX is still considered as a definitive estimate of bioavailability 
of selenium. 
Dietary selenium, livestock performance and meat quality 
Selenium deficiency has been characterized in poultry by poor growth, increased 
incidence of muscular dystrophy (Neshiem and Scott, 1958), myopathy associated with the 
smooth muscle of ventriculus and cardiac muscle, pancreatic fibrosis, and exudative diathesis 
(Walter and Jensen, 1963; Cator et al., 1982). Exudative diathesis is attributed to increased 
capillary permeability due to endothelial cell failure in skeletal muscle in vitamin E deficient 
birds (Combs and Scott, 1974). Se can prevent the exudative diathesis when vitamin E is 
deficient (Zhou and Combs, 1984). 
Selenium deficiency has also associated with numerous functional disorders and 
diseases in human and domestic animals (Table 4). 
Nutritional muscular dystrophy was described by Dam et al. (1952) in vitamin E-
deficient chicks. Subsequent investigations showed that this disease is produced when 
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Table 4. Diseases related to selenium deficiency in human and domestic animals (Pehrson, 
1993). 
Disease/disorder Species 
Liver necrosis Pig, chicken 
Muscular dystrophy Pig, horse, cow, sheep, turkey, chicken 
Exudative diathesis Chicken, turkey 
Pancreatic fibrosis Chicken 
Poor feathering Chicken, turkey 
Retained placenta Cow 
Cystic ovaries Cow 
General unthriftness Sheep, cow, poultry 
Keshan disease Human 
Cancer Human 
Cardiovascular disease Human, pig, chicken, turkey 
Immune deficiency All 
Reduced fecundity All 
diets are moderately deficient in sulfur-containing amino acid cysteine (Jenkins et al., 1962). 
The disease is characterized by degeneration of skeletal muscle. The longitudinal white 
striation is visible through skin. Affected chicks show generalized muscular weakness and 
marked decreases in spontaneous activity. 
Dietary supplementations of Se are effective in reducing (by 10-15%), but not fully 
preventing nutritional muscular dystrophy (Nesheim and Scott, 1958). Calvert and Scott 
(1963) showed that supplemental Se significantly reduced the amount of vitamin E required 
for chicks to prevent myopathy. Further study (Hull and Scott, 1972) on the mode of action 
of Se in sparing vitamin E in the prevention of this disorder showed that both the activities of 
Se-glutathione peroxidase (SeGSHpx) and glutathione were significantly greater in muscle 
from dystrophic vs. non-dystrophic, suggesting that muscular dystrophy caused by vitamin E 
and cysteine deficiency may relate to oxidative stress associated with either reduced 
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utilization or increased needs for the SeGSHpx system. This hypothesis is supported by the 
findings of Shih et al. (1977), which showed that the ratios of protein-bound 
disulfide : sulfhydryl content and appearances of low molecular weight proteins (derived from 
proteolysis) were increased by two- to three- fold in dystrophic muscle. 
In addition to protein oxidation, Se is reported to have some effects on lipid oxidation 
of meat. The influence of long-term supplementation of vitamin E and selenium on the 
stability of frozen poultry muscle has been investigated (Combs and Regenstein, 1980). 
Laying hens, 32 to 56 weeks of age, were given low-selenium and low-vitamin E diets for 24 
weeks. One basal diet had 4% maize oil, oxygenated to destroy vitamin E. Lipid peroxidation 
in pectoral muscle samples kept at -20 °C for up to 270 days was reduced by dietary selenium 
when maize oil was given. Supplemental vitamin E or ethoxyquin reduced lipid peroxidation 
in the gastrocnemius muscle. 
Lipid peroxidation was investigated in muscles of Friesian calves depleted of vitamin 
E and/or selenium and of calves depleted of vitamin E and Se and fed on daily supplements 
of polyunsaturated fatty acids (PUFA) (Walsh et al., 1993). Calves deficient in both vitamin 
E and Se or deficient in vitamin E alone showed elevated muscle concentrations of 
thiobarbituric acid-reactive substances (TEARS), ascorbate-induced TEARS (ATBARS), 
ascorbate-induced hexanal and iron-induced 4-hydroxynonenal (HNE). When both of these 
groups were fed linseed oil as a source of PUFA, deficient calves had higher muscle 
concentrations of all 3 indices of lipid peroxidation than the supplemented calves. 
Furthermore, feeding PUFA to vitamin E and Se deficient calves increased muscle 
concentrations of induced HNE to levels above those in deficient calves not given PUFA 
supplements. 
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A tissue slice model was employed to assess the effects of dietary antioxidant 
supplements on lipid peroxidation (Leibovitz et al., 1990). Rats were fed for 42 days on diets 
containing, alone or in combination, vitamin E, selenium, beta -carotene or coenzyme Q10, 
and the extent of spontaneous and induced lipid peroxidation was estimated by release of 
thiobarbituric acid-reactive substances (TEARS) into the medium. Vitamin E showed the 
greatest protection against lipid peroxidation in liver, heart and spleen; Se was most 
protective in kidney. Inverse correlations between dietary vitamin E and TEARS, tissue 
vitamin E and TEARS, and tissue selenium-glutathione peroxidase and TEARS were highly 
significant. 
Dietary CLA and Meat Quality 
Conjugated linoleic acid (CLA) refers to a group of polyunsaturated fatty acids that 
exist as positional and stereo-isomers of conjugated dienoic octadecadienoate (18:2). CLAs 
are intermediates in the course of the conversion of linoleic acid to oleic acid by the rumen 
bacterium Butyirivibrio fibrisolvens (Kepler and Grosch, 1966). They were first discovered 
in grilled beef by Pariza and his group when they were investigating the carcinogenic 
components of grilled beef (Pariza and Ear greaves, 1985). These modified fatty acids were 
found to have anti-cancer rather than pro-cancer properties. Since then, in addition to anti­
cancer effects, CLAs have been reported to be anti-atherogenic, anti-adipogenic, anti-
diabetogenic, and anti-inflammatory based on studies of animal models and cell cultures of 
animal and human (reviewed by Belury and Vanden Heuvel, 1997 and 1999). Recently, more 
reports showed that CLAs have beneficial regulatory effects on immune function, lipid and 
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eicosanoid metabolism, cytokine and immuno-globulin production and can modulate the 
expression of a number of genes (Li and Watkins, 1998; Park et al., 2000). 
The predominant geometric CLA isomer in milk and other dairy foods is the c9, tl 1-
CLA isomer (also called "rumenic acid"), followed by minor but significant amount of tlO, 
cl2-CLA, t7, c9-CLA, tl 1, cl3-CLA, t8, clO-CLA isomers (McGuire et al., 1999). 
A method of preparation for synthetic CLA has traditionally relied on an alkaline-
catalyzed reaction using linoleate as a substrate. The CLAs used in the majority of studies are 
chemically synthesized products that contain a mixture of isomers. Compared to natural 
mixture of CLAs, commercial CLAs contains almost equal amount of two major isomers 
(Stanton et al., 2003), c9, til- and tlO, cl2-CLAs. 
Studies of the application of CLA in animal production other than human subjects 
and experimental animals generally fit into three categories: (1) those aimed at using the 
repartitioning effect of CLA to reduce body fat, improve production efficiency and meat 
quality; (2) those aimed at increasing CLA content in animal-derived food destined for 
human consumption as a mean to increase human subjects' CLA intake; (3) those related to a 
direct health benefit of CLA in animals based on its immunomodulatory effects. 
CLA and animal production efficiency 
Conjugated linoleic acid studies in swine began in the late 1990s. These studies 
(Dugan et al. 2003) used low levels (<10 g/kg) of feed-grade CLA source containing 50-80% 
of equal amount of cis-9, trans-11 and trans-10, cis-12 isomers, resulting in 7.7% decrease in 
carcass fat in pig after feeding CLA for several weeks before slaughter. Subsequent 
published reports on the effects of CLA on growth performance and carcass fat showed 
inconsistent results. Reasons for the inconsistency were: (1) different source of CLA; (2) 
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duration of feeding; (3) fat and energy level of the diet; (4) different animal gender and geno­
type. In general, CLA reduces carcass fat in pigs with >23 mm subcutaneous fat thickness at 
100 kg body weight (Ostrowska et al., 2003; O'Quinn et al., 2000; Thiel-Cooper et al., 2001; 
Waylan et al., 2002; Wiegand et al., 2002; Bee, 2001; Averette et al., 2002). Related to this 
observation, the response to CLA was greater in barrows (26 mm fat in control group) than in 
gilts (20 mm fat in control). In addition, the response was greater with low-energy diets than 
with diets with added fat (Dugan et al., 2003). 
In the case of poultry, published reports on production and body composition are 
limited compared to swine. Du and Ahn (2002) found no difference in the live weight of 
chickens after feeding CLA up to a 1% level for three weeks. When dietary CLA levels for 
broilers were increased to 2% and 3% and fed for five weeks, however, body weight and 
daily gain tended to decrease as dietary CLA level increased. Up to 1.0% of dietary CLA had 
no effect on feed consumption, but 2.0 and 3.0% decreased feed consumption of broilers 
slightly. The feed conversion rates of birds fed CLA were constant and were not influenced 
by CLA. In addition, they also reported that whole carcass composition changed by dietary 
CLA. The fat content in whole carcass decreased after feeding 2 or 3% of dietary CLA; 
however, low level (0.5%) significantly (P<0.05) increased the abdominal fat. Protein 
content in carcass showed an increasing trend as dietary CLA level increased, but was not 
statistically significant. Furthermore, CLA level up to 3% didn't change the ash content of 
whole bird carcass. 
CLA and meat fatty acid composition 
One of the objectives of feeding CLA has been to create a product with human health 
benefits, which is analogous to the efforts to increase n-3 fatty acids in animal products. 
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Studies investigating the effects of dietary CLA on deposition of CLA isomers and the ration 
of saturated to unsaturated fatty acids in tissues were interesting. In a study in which 7.5 g/kg 
CLA was fed for 87 days to pigs, CLA content in muscle increased from being undetectable 
in the control group to reaching 0.71 mg/100mg fatty acids present (Wiegand et al. 2002). 
Tissue accumulation of CLA is dependent on doses in the diet (Ramsay et al., 2001) and, in 
general, accumulation in adipose tissue is greater than that in muscle (Ramsay et al., 2001; 
Wiegand et al., 2002). Incorporation of CLA isomers in tissues is also supported by the work 
of Chin et al. (1994), Park et al. (1997), and Sugano et al. (1997). 
Dietary CLA also modified fatty acid profiling of both muscle and tissues. CLA has 
been reported to increase saturated fatty acids and increase mono- and polyunsaturated fatty 
acids by several investigators. Lee et al. (1995) showed that the content of monounsaturated 
fatty acids in tissue decreased after CLA feeding. The results of Thiel-Cooper et al. (2001) 
showed that dietary CLA changed fatty acid composition of both loin subcutaneous fat and 
lean tissue of pig. In lean tissues, 14:0 and 16:0 were increased, but 18:1 and 20:4 were 
decreased. In subcutaneous fat, 14:0, 18:1, and 18:2 were increased, 16:0 was decreased. 
Wiegand et al. (2002) reported that polyunsaturated fatty acids in loin chops decreased 
linearly (p<0.01), saturated fatty acids increased linearly (pO.Ol), 18:2 decreased 
quadratic ally (p<0.004), and total CLA isomers increased linearly (p<0.01) with increased 
weight gain when pigs were fed CLA. Sugano et al. (1997) reported decreases in the 
concentration of arachidonic acid and other unsaturated fatty acids after feeding CLA to mice. 
In the broiler study by Du et al. (2002), total saturated fatty acids were increased 
greatly as dietary CLA level increased, whereas total monounsaturated fatty acids and 
polyunsaturated fatty acids were decreased. Further study by the same author (Du and Ahn, 
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2002) was done to determine the effects of dietary CLA, linoleic and linolenic acid on the 
status of long-chain PUFA of White Leghorn hens. Four diets containing 8.2% soy oil 
(control), 4.1% soy oil +2.5 % CLA source, 4.1% flax oil + 2.5% CLA, and 4.1% soy oil + 
4.1% flax oil were fed to birds. The control diet (8.2% soy oil) contained 40.22% linoleic 
acid whereas the 4.1% soy oil +2.5 % CLA diet contained 21.32% CLA and 22.76 % linoleic 
acid, 4.1% flax oil +2.5% CLA contained 21.32% CLA and 20.28% linolenic acid, 4.1% soy 
oil +4,1% flax contained 26.02% linoleic acid and 23.05 %linolenic acid. The results showed 
that there were significant differences in arachidonic acid, EPA, and DHA concentrations 
among the four dietary groups. These results illustrated that CLA increased the concentration 
of n-3 long chain PUFA in chicken tissues, indicating that CLA inhibited the activity of A6-
denaturase. 
The inhibition of A6-denaturase by CLA is reported to be one of the mechanisms that 
are responsible for CLA's biological functions. Study by Bretillon et al. (1999) demonstrated 
that CLA isomers inhibited the activity of A6-denaturase in rat liver microsomes, indicating 
that the decrease in unsaturated fatty acids could be caused by the competitive inhibition of 
A6-denaturase by CLA. A6-denaturase is required for n-3, n-6, and n-6 long chain fatty acid 
biosynthesis. If A6-denaturase is inhibited, both major n-3 fatty acids DHA and EPA as well 
as major n-6 fatty acid arachidonic acid would be reduced. However, only n-3 fatty acids 
were reported to be increased (Du and Ahn, 2002). So other mechanisms rather than A6-
denaturase must be involved, which will be discussed later. 
CLA supplementation and pork quality 
One of the objectives of feeding CLA to pigs is to investigate how physiological 
changes caused by dietary CLA would impact the physical and chemical properties of meat 
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and meat products, color, marbling, water holding capacity, sensory, and other quality 
characteristics, and provide higher quality products with more consumer satisfaction. 
Experiments by Wiegand et al. (2002) determined how dietary CLA influenced pork 
carcass and loin chop quality from three stress genotypes. The results showed a rapid pH 
decline in CLA-fed pig, which might be linked to a greater glycogen accumulation. Further 
quality study found better marbling score of loins for CLA-fed pigs within each stress 
genotype, followed by higher hardness of loins. Sensory characteristics of tenderness, 
juiciness, and flavor intensity of loin chops were not affected by CLA. In case of color 
stability, data in the study of Wiegand et al. (2002) indicated lower Hunter L* value 
(lightness), no difference of a* value (redness) while Thiel-Cooper et al. (2001) reported an 
increased a* value with increasing levels of CLA. Lipid oxidation and water holding capacity 
were not changed by CLA. 
There was a distinguishing effect of CLA supplementation on pork quality, namely 
the improvement of belly hardness. Belly hardness is practically significant for bacon 
sliceability (Thiel-Cooper et al., 2001). A linear effect on belly firmness was observed with 
increasing amount of CLA. Eggert et al. (2001) also reported firmer bellies from CLA-
supplemented pigs due to more saturated fat and less PUFA. 
CLA supplementation and poultry quality 
Du and Ahn (2002) showed that 1% of dietary CLA didn't have any effect on the 
hardness, color, pH, and sensory properties of chicken meat. However, 2 to 3% percent of 
dietary CLA caused quality changes. The hardness of chicken breast was increased by 
dietary CLA; dietary CLA also significantly influenced the color of breast meat. The hunter 
L*, a*, and b* value were decreased as dietary CLA level was increased, which was in 
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agreement with the observation of sensory panels. Sensory panelists scored a trend of 
increase in darkness as dietary CLA increased, but the increase was not significant. 
Du et al. (2002) also reported a decrease of lipid oxidation of chicken breast fillets by 
dietary CLA. They also observed the same results in read-to-eat turkey rolls from birds fed 
CLA. The decreased TEARS values by dietary CLA could due to the decreased unsaturated 
fatty acid and increased saturated fatty acids content. 
Dietary CLA negatively influenced the sensory characteristics of poultry meat 
product as reported by Du et al. (2002). The negative impact not only included color as 
mentioned above but texture and flavor. The texture of chicken rolls became harder and the 
juiciness decreased as dietary CLA level increased, which could be caused by the increase of 
muscle protein as well as lipid melting point by lower level of unsaturated fat. In addition, 
sensory panelist detected significant differences in flavor and off-flavor between chicken 
rolls fed CLA and control. The chicken flavor of chicken rolls from birds fed CLA was less 
intense than control birds while the intensity of off-flavor was higher than control. The 
authors related the off-odor of CLA-fed chicken to increased volatile compounds like 
acetaldehyde, 2-propanone, hexane, butanal, and dimethyl disulfide. However, the reason for 
increases of these volatile was unknown. 
In summary, ionizing radiation induces some quality changes of meat, including off-
odor, abnormal color, and increased lipid oxidation. The mechanisms and nature of these 
changes are not quite understood. Dietary supplementations of dietary functional ingredients 
will be applied in this study to explore the remedies that can minimize the quality defects. 
The targeted ingredients in this study are vitamin E, selenium, and conjugated linoleic acids 
(CLA). 
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CHAPTER 3. DIETARY FUNCTIONAL INGREDIENTS: ANIMAL 
PERFORMANCE, AND ITS IMPACT ON QUALITY AND STORAGE 
STABILITY OF IRRADIATED RAW TURKEY BREAST 
A paper to be submitted to the Journal of Poultry Science 
Haijie Yan 12and Dong Uk Ahn34 
Abstract 
The objective of this study was to evaluate the effect of dietary functional 
ingredients vitamin E, selenium (Se), conjugated linoleic acid (CLA), alone or 
combination on the quality of irradiated turkey breast meat. 480 male turkeys (12-week-
old, raised on a corn-soybean basal diet) were randomly allotted to 32 pens (4 
pens/treatment) and were fed 8 experimental diets supplemented with none (Control, 
Con), 200 IU/kg vitamin E (VE), 0.3 ppm Se (SE), 2.5 % CLA (CLA), 200 IU/kg vitamin 
E+0.3 ppm Se ( VE+SE), 200 IU/kg vitamin E+2.5%CLA (VE+CLA), 
2.5%CLA+0.3ppm Se (SE+CLA), 200 IU/kg vitamin E+0.3ppm Se+2.5%CLA 
(VE+CLA+SE). At 15 week of age, all birds were slaughtered and breast muscles of 8 
birds from each pen were separated and ground. Patties were prepared using the ground 
1 Graduate student, Department of Animal Science and Food Science and Human 
Nutrition, Iowa State University. 
2 Primary researcher and author 
3 Professor, Department of Animal Science, Iowa State University 
4 Author for correspondence 
92 
meat, aerobically packaged and irradiated using 0 or 1.5 kGy absorbed dose. Lipid 
oxidation, color, and volatiles of the patties were measured after 0, 7, and 12 days of 
storage at 4 °C. Vitamin E, Se, and fatty acids composition were also determined. Dietary 
supplementation of vitamin E and CLA increased concentration of each in turkey breast. 
Dietary CLA decreased mono- and non-CLA poly- unsaturated fatty acids content in 
meat. Irradiation increased (p < 0.05) lipid oxidation and Hunter color a*-value. Dietary 
vitamin E, Se, CLA alone and their combinations decreased (p < 0.05) lipid oxidation in 
meat caused by both irradiation and storage. It was concluded that dietary 
supplementation of vitamin E, Se and CLA improved the storage stability of irradiated 
turkey breast meat. 
Key words: Vitamin E, selenium, conjugated linoleic acid, irradiation, turkey breast, 
meat quality 
Introduction 
Irradiation, up to 3 kGy, is permitted for use in poultry to control pathogenic 
microorganism such as Salmonella, Escherichia coli, and Listeria. A major concern of 
irradiating poultry meat, however, is its negative effects on meat quality, such as 
abnormal pink color, irradiation off-odor production, and increased lipid oxidation (Ahn 
et al., 1998). Strategies proposed to improve the quality of irradiated meat include 
modification of packaging conditions (Nam and Ahn et al, 2003), direct incorporation of 
antioxidants in meat during processing (Nam et al, 2003), dietary supplementation of 
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antioxidants (Ahn et al., 1997), and dietary modification of carcasses such as fatty acid 
composition (Du et al., 2001). 
Functional ingredients are defined as the components in food or animal feed that 
can be used to prevent and treat certain disorders and disease in addition to their 
nutritional value ((Jime' nez-Colmenero et al., 2001). There are two advantages of using 
functional ingredients in animal feed: they can directly improve the health of farm 
animals and the quality of animal-derived foods, and indirectly promote the human health 
by providing foods containing functional ingredients. The production of value-added, safe 
and healthful meat products, thus, is the primary objective of using functional ingredients 
in animal feed. 
The role of vitamin E as a protective antioxidant has been well studied and 
supranutritional levels of dietary vitamin E improved the quality of poultry products by 
reducing the rates of both lipid and heme oxidation and maintaining the integrity of 
cellular membrane post-slaughter. Vitamin E concentrations in meat and meat products 
range from 0.16-0.84 mg/100g, and can be increased by dietary vitamin E 
supplementation (Ahn et al., 1997). Animals are unable to synthesize vitamin E, and 
hence are fully dependent on dietary sources. As a unique mineral, selenium was shown 
to have a number of important biological functions that are closely related to the activities 
of Se-containing proteins. The first identified functional selenoprotein was glutathione 
peroxidases (GSHPx), which is the major cellular antioxidant defense system (Stadtman, 
2002). The function of these enzymes is maintaining low levels of hydrogen peroxides 
within cells, thus decreasing potential free radical damage. They also provide a second 
line of defense against hydroperoxides that can damage membranes and other cell 
structures (Rotruck et al., 197). Se is also believed to play a role in the immune system 
and responses to infection. Se deficiency in broiler diets caused exudative diathesis, 
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muscular dystrophy and other myopathies, pancreatic fibrosis and atrophy (Combs, 1986). 
The relationship of Se to meat quality has not been explored to any great extent yet. 
However, the effect of Se on meat quality is possible due to these deficiency conditions, 
especially muscle dysfunction. In addition, Se and vitamin E have significant interactions: 
the antioxidant properties of Se and vitamin E differ but are complementary. Within cell 
membranes, vitamin E scavenges free radicals before they can initiate lipid peroxidation. 
On the other hand, glutathione peroxidase (GSHPx) reduced preformed hydroperoxides to 
alcohols. Thus vitamin E and Se could work together to prevent cellular and tissue 
damage caused by oxidation. 
Supplementation of conjugated linoleic acids (CLA) in animal feed is primarily 
based on their biological functions and consumers' preference of value-added and 
healthful food. CLA has been demonstrated to decrease obesity, prevent cancer and 
atheroclerosis (Ip et al., 1994; Lee et al., 1994)), stimulate body immune function (Cook 
et al., 1993), enhance bone formation (Park et al., 1997), and improve the impaired 
glucose tolerance (Houseknecht et al., 1998). It is also demonstrated that CLA can be 
incorporated into animal tissues like meat, egg, and milk via dietary supplementation 
(Thiel-cooper et al., 2001; Du et al., 2001; Huang et al., 2001). Dietary CLA can also 
alter the quality of meat. Du et al. (2000) indicated that CLA in broiler diet could change 
fatty acids composition of breast fillets, total saturated fatty acids increased whereas total 
monounsaturated fatty acids and polyunsaturated fatty acids decreased. Modified fatty 
acids in meat also decreased TEARS values and enhanced storage stability of turkey 
products (Du et al, 2002c). 
Oxidation of unsaturated fatty acids in biomembranes leads to disruption of 
normal membrane structure and function, and cell injury in living systems, and is a major 
cause of quality deterioration in muscle foods. Asghar et al. (1990) reported that the rate 
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of NADPH-induced peroxidation in microsomes and mitochondria dependent primarily 
on fatty acid composition of membrane lipids rather than tocopherol content. If 
antioxidants such as vitamin E and Se are combined with CLA, thus, they can modify 
fatty acid composition of cell membranes and improve antioxidant potential of meat, 
which will reduce lipid oxidation and abnormal color changes and off-odor production 
caused by irradiation and storage. 
The purposes of this study are to investigate the impacts of three functional 
ingredients, vitamin E, selenium (Se), and conjugated linoleic acid (CLA) on the 
performance of finishing turkeys, and quality of irradiated turkey breast meat. 
Materials and methods 
Dietary treatments 
A 23 factorial design was utilized for animal experiment. The three factors 
involved were three functional ingredients; vitamin E, selenium, and conjugated linoleic 
acids (CLA) at two levels each. The 8 dietary treatments included control (Con), 200 
IU/kg dl-a-tocopherol acetate (VE), 0.3 mg/kg selenium (Se), 2.5 % conjugated linoleic 
acids (CLA), 200 IU/kg dl-a-tocopherol acetate and 0.3 mg/kg selenium (VE+Se), 200 
IU/kg dl-a-tocopherol acetate and 2.5 % conjugated linoleic acids (VE+CLA), 2.5 % 
conjugated linoleic acids and 0.3 mg/kg selenium (Se+CLA), 200 IU/kg dl-a-tocopherol 
acetate, 2.5 % conjugated linoleic acids, and 0.3 mg/kg selenium (VE+Se+CLA). Each 
treatment included 4 replications. 
The animal experiments were performed in the Poultry Research Center of Iowa 
State University. Total 480 0-week-old male Large White turkeys were randomly 
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assigned in 32 pens and raised on a corn-soybean-based diet (Table 1) for 11 week. At 12 
weeks, four pens of turkeys were randomly assigned to one of the eight dietary treatments 
(Table 2) and fed until 16 weeks of age. Feed consumption, amount of live birds, and bird 
weight were recorded, weight gain, feed conversion rate, and mortality were calculated. 
Slaughter and Sample preparation 
At the end of feeding trial, all birds were slaughtered and inspected following 
USDA guidelines (USDA, 1982). Carcasses of birds from the same pen were pooled and 
chilled in ice water for 3 hours, then drained in a cooler (0 °C) until the internal 
temperature is 4°C for further processing. Breast muscles were deboned, and skin and 
visible fat were removed. All breast samples of birds from the same pen were pooled, 
ground twice through a 3-mm plate, and treated as a replication. 
Meat patties (about 100 grams, 5 cm in diameter, 0.5 cm in thickness) prepared 
from each replication were packaged either in oxygen-permeable bags (polyethylene, 
Associated Bag Company, Milwaukee, WI) or in vacuum bags (nylon/polyethylene, 9.3 
ml C>2/m2/24 h at 0 °C; Koch, Kansas City, MO). Packaged samples were irradiated with a 
linear accelerator (Circe IIIR, Thomson CSF Linac, Saint-Aubin, France) at room 
temperature to an average dose of 0 and 1.5 kGy. 10 MeV of energy, 10 kW of power, 
and 88.1 kGy/min of average dose rate were used. To confirm the target dose, alanine 
dosimeters attached to the top and bottom of samples were read using a 104 Electron 
Paramagnetic Resonance unit (EMS-104, Bruker Instruments Inc., Billerica, MA). The 
max/min ratio was approximately 1.3. Both irradiated and non-irradiated raw meat patties 
were kept at 4°C, color and lipid oxidation were measured after 0, 7, and 12 days, and 
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volatiles after 0 and 7 days of storage. Concentrations of vitamin E, selenium, and fatty 
acid composition were determined before and after irradiation. 
Meat quality analyses 
Vitamin E content in breast patties was analyzed using the gas chromatography 
method of Du and Ahn (2002). a-Tocopherol concentration was quantified using 5a-
cholestane as an internal standard and expressed as fJ-g/kg muscle. Selenium in breast was 
analyzed according to the fluorometric method of AO AC (1995). Gas chromatographer 
(HP6890, Hewlett Packard Co) was used to access fatty acids composition of turkey 
breast. Fatty acids were identified by comparing the retention times to standards, and 
expressed as peak area percentage of total fatty acids (Du, et al. 2002b). 
A Labscan color meter (Hunter Associated Labs. Inc., Reston, VA) was used to 
measure color of raw meat patties. Each patty samples in transparent packages were put 
directly under the light source. Light source was illuminant D 10°, port size was 0.4 inch, 
and viewing area was 0.25 inch. Hunter L*-(lightness), a*-(redness), and b*-(yellowness) 
were read three times from three different areas of each patty sample, and averaged as the 
measurement of this sample. Lipid oxidation was determined by measuring TEARS 
content as described by Nam et al. (2003b). Volatiles were determined using a dynamic 
headspace- gas chromatography/mass spectrometry method (Nam and Ahn, 2003). 
Raw turkey aroma and irradiation off-aroma of both irradiated and non-irradiated 
patty samples from bird fed different diet were accessed by eight trained panelist. 
Panelists were recruited from the faculty, staff, and students at Iowa State University. 
The University's Human Subjects in Research Committee approved the project. A one 
hour training session was performed before actual samples were presented to panelists. 
Panelists accessed the aroma characteristic differences between irradiated and non-
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irradiated meat, and made comments to description of sensory terms. Testing was 
conducted in partitioned booths and under red fluorescent lights. A line scale (numerical 
value of 15 units) was used with descriptive anchors (none and high) at each end of the 
line. Data was collected by using a computerized sensory scoring system 
(COMPUSENSE, v 4.4, Compusense, Inc., Guelph, Ontario, Canada). 
Statistical analysis 
For each measurement, at least four patties were sampled from each replicate (pen 
of turkey) and averaged. Analyses of variance (ANOVA) were conducted using the 
general linear models procedure appropriate for complete randomized block designs (SAS 
Institute, 1995). Statements of probability are based upon P < 0.05. When significant 
differences among or between treatment means were found, means were compared using 
Tukey's multiple tests, mean value and standard error of the means (SEM) were reported. 
Data for each treatment were combined and analysed using the multivariate (YX) 
PRINCOP program of SAS 8.2 (SAS Institute, 1995) to determine principal components 
and correlation. Principal component analysis (PCA) is a multidimensional modeling 
method, which bases on the calculation of linear combinations between the variables that 
explain the most variance of the data. It gives an interprétable overview of the key 
information through the loading plot. In the loading plot, components (so-called principal 
components) that are close together are positively correlated, while those lying opposite 
to each other tend to have negative correlation (NEBS et al., 1996). 
Results and discussion 
Dietary vitamin E, Se, and CLA on turkey performance 
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CLA supplementation (treatment CLA, VE+CLA, Se+CLA, VE+Se+CLA) 
lowered feed consumption (Table 3). Results from other studies on CLA supplementation 
were mixed: Eggert et al. (2001) showed that dietary CLA increased average daily gain of 
growing pigs while Cook et al. (1998) observed a decrease of average daily gain. 
Wiegand et al. (2002) reported no effect of dietary CLA on weight gain. Du and Ahn 
(2002a) found no difference in the live weight of chicken after feeding 1% level CLA for 
three weeks. However, when dietary CLA levels for chickens were increased to 2% and 
3% and fed to 5 weeks, body weight and daily gain trended to decrease as dietary CLA 
level increased. In addition, 2% and 3% of dietary CLA also decreased feed consumption 
of broilers. The animal weight change seems correlated with feed consumption, which 
depends on CLA level and feeding length. Results from current study agree with those of 
Du and Ahn (2002a), confirming that higher level of CLA decrease live weight as a result 
of reduced feed consumption (Table 3). Cook et al. (2000) reported that effect of CLA on 
animal growth and feed efficiency was dependent on isomers. CLA cis-9, trans-11 
isomers was active in enhancing body weight gain and appeared also to enhance feed 
efficiency in weanling mice but had no effect on body fat change. However, trans-10, cis-
12 CLA isomer reduced body fat levels relative to control but did not enhance either body 
growth or feed efficiency. So the overall effects of CLA on growth, feed efficiency, and 
body level appear to be due to the different biological activity of the two isomers. 
Decrease in weight gain by CLA can be improved when CLA is combined with 
vitamin E (VE+CLA), or both vitamin E and Se (VE+Se+CLA) (p < 0.05). When CLA 
was fed along with vitamin E, or with both vitamin E and Se, the birds had better growth 
rate than CLA alone and control while feed consumption of these groups were not 
increased. As a result, feed efficiency of treatment F and H decreased (p<0.05) as 
compared with control and CLA alone. 
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Evidences showed that supernutritional levels of vitamin E rather than National 
Research Council (1994) recommended level improved health status, disease resistance, 
growth rate, and livability of poultry. Field studies showed that increasing dietary 
concentration of vitamin E from 48 to 178 IU kg"1 resulted in improved performance and 
economic returns from flocks inflicted with subclinical infectious disease (Mcllroy et al., 
1993). Quo et al. (2001) reported that addition of vitamin E at 100 mg/kg significantly (P 
< 0.05) improved the growth and feed conversion rate of broilers fed the control diet 
during 0-3 weeks of age. In this study, 200 IU kg"1 added vitamin E showed no influence 
on performance (total weight gain, feed consumption, and feed efficiency) of normal 
birds, but the reduced performance caused by dietary CLA were improved by vitamin E. 
Se was required for maximum of poultry performance (Scott, 1965) With regular Se level 
(0.3 mg kg"1), however, no significant performance improvement except that feed 
conversion rate was decreased when Se was supplemented along with vitamin E (Table 3). 
Meat composition 
Supplementation of tocopherol acetate in turkey diets singly or in combination 
with other functional ingredients (Se and CLA) increased vitamin E levels in breast 
muscles (Table 4). The levels of vitamin E in breast increased by more than 4-fold over 
the control and the treatments without vitamin E. When vitamin E was combined with Se 
(treatment VE+Se and VE+Se+CLA), muscle accumulations of vitamin E were higher 
than that of single supplementation; when vitamin E was combined with CLA, the 
average accumulation was lower, but statistical evidence was not enough (p>0.05). 
Selenium accumulations in breasts differed between the treatments (p<0.05) (Table 4). 
Muscle Se concentrations were steady whether diet was combined with vitamin E or CLA. 
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There was no CLA detected in turkey breast when birds were not fed CLA (Table 
5). Both c9, tl 1 CLA and clO, tl 2 CLA accumulated in breast muscles of birds when fed 
CLA. 
Dietary CLA changed the composition of other fatty acids, too. Both total mono-
unsaturated fatty acids (MUFA) and total non-CLA polyunsaturated fatty acids (non-CLA 
PUFA) were decreased (p<0.05). The decreased MUFA were CI8:1 n9, C18:1 n7, and 
C20:1 n9. Among PUFA, all n3s including C20:5 n3 and C22:6 n3 increased. Two long-
chain n6 (C20:4 n6 and C22:5 n6) decreased, and no consistent change in arachidonic 
acid (C22:4 n6) was observed. There were no total saturated fatty acid differences 
between CLA supplemented group and other group, except some saturated fatty acids, 
such as C14:0, C18:0 and C22:0, decreased. Du et al. (2000) reported similar fatty acid 
composition change caused by dietary CLA except that arachidonic was decreased. The 
decreases in MUFAs and increases in C14:0 and CI8:0 were very likely due to the 
inhibition of stearoyl-CoA desaturase activity, a key enzyme involved in the synthesis of 
MUFA by CLA (Lee, et al. 1998). The decreases of long chain n6 PUFA could be caused 
by the competitive inhibition of A6-desaturase by CLA (Liu et al. 1998). A6-desaturase is 
required for long-chain PUFA synthesis from either linoleic acid (n6 precursor) or a-
linolenic acids (n3 precursor). If A6-desaturase were inhibited by CLA, n3 long-chain 
fatty acids would be decreased, too. But results from this study as well as others showed 
that n3s were increased. So not only inhibition of A6-desaturase is involved in CLA 
modulated fatty acids metabolism, new mechanism is required to explain DHA and EPA 
accumulation induced by CLA, which will provide evidence of CLA's function on 
immune response, prevention of cancer and atherosclerosis. These fatty acid composition 
changes are also important to improve storage stability of meat by minimizing lipid 
oxidation. 
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Lipids oxidation 
TEARS values of irradiated and non-irradiated raw meat patties with eight dietary 
treatments and two packaging methods (vacuum and aerobic) are listed in Table 6. 
TEARS values of raw meat in both vacuum and aerobic package were increased by 
storage as well as by irradiation. Especially for meats with aerobic packaging, irradiation 
and storage increased TEARS value significantly (p<0.05). For non-irradiated meat 
patties from control diet, TEARS value increased two-fold after 7 days of storage and 
three-fold after 12 days of storage. Irradiation increased lipid oxidation after 7 and 12 
days of storage: TEARS values of irradiated meats were 80% and 75% higher than those 
of non-irradiated meats. After 7 and 12 days storage, breast meat samples from all dietary 
treatments had lower TEARS value than control. At day 7, lipid oxidation of treatments 
VE+Se, VE+CLA, and VE+Se+CLA was significantly (p<0.05) lower than control while 
there were no differences (p>0.05) between control and treatment VE, Se, CLA, and 
Se+CLA. At day 12, differences in lipid oxidation between control and treatments VE, 
VE+Se, VE+CLA, and VE+Se+CLA were significant (p<0.05) while the other three were 
not. 
Based on TEARS for meat from the control group, meat without any dietary 
supplementation had a significant increase in lipid oxidation after 12 days of storage. This 
increase was reduced by combined supplementations of vitamin E and Se (VE+Se), 
vitamin E and CLA (VE+CLA), vitamin E, Se, and CLA (VE+Se+CLA). There were no 
TEARS value differences (p>0.05) among meat samples from these three groups between 
0 day and 12 days of storage, indicating that even after 12 days storage there were no 
lipid oxidation change of meat samples supplemented with VE+Se, VE+CLA, and 
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VE+Se+CLA. Treatments VE, Se, CLA, and Se+CLA showed no effect (p>0.05) on raw 
meat lipid oxidation, although their TEARS values were lower than that of the control. 
Irradiation at 1.5 kGy increased (p< 0.05) lipid oxidation of control samples. After 
7 days of storage, there were significant (p<0.05) differences between irradiated and non-
irradiated controls, and treatments Se, CLA and Se+CLA. The differences between 
irradiated and non-irradiated samples from treatments VE, VE+Se, VE+CLA and 
VE+Se+CLA were not significant (p>0.05). After 12 days of storage, lipid oxidation 
increased by irradiation was even higher in control, Se, CLA, and Se+CLA treatments. In 
addition, the effect vitamin E supplementation alone was not distinct after 12 days of 
storage. However, treatments VE, VE+CLA, and VE+Se+CLA still showed strong 
antioxidant effects on irradiated meat. There were no lipid oxidation differences (P>0.05) 
between irradiated and non-irradiated meat from these three treatments. 
In summary, all dietary treatments showed some antioxidant effects. However, 
only treatments VE, VE+Se, VE+CLA, and VE+Se+CLA reduced (p<0.05) lipid 
oxidation after 7 and 10 days of storage. Effects of vitamin E, Se, or CLA on meat lipid 
oxidation was reported by several researchers: Ahn et al. (1997) reported that dietary 
vitamin E at >200 IU/kg decreased lipid oxidation and total volatiles of raw turkey patties 
after 7 days of storage. Nam et al. (2003b) indicated that dietary vitamin E at 100 IU/kg 
significantly improved the storage stability of turkey breast, which was more distinct in 
irradiated than non-irradiated meats. Du et al. (2000) observed decreased lipid oxidation 
by dietary CLA in chicken meat during storage and attributed it to the reduced mono- and 
polyunsaturated fatty acid composition. Supplementation of feed with selenium was 
found to decrease lipid oxidation in chicken meat in several studies (Combs and Greene, 
1980). Our results in this study further verified the antioxidant effect of dietary vitamin E 
and Selenium, and provided more evidence that the antioxidant property of dietary CLA 
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is due to the modification of fatty acid composition of meat. In addition, combinations of 
vitamin E and Se, vitamin E and CLA, vitamin E, Se and CLA provided better protection 
from lipid oxidation than their single supplementation. 
Meat color 
Hunter color L*, a*, b* values of irradiated and non-irradiated raw meat patties 
are listed in Table 7. Regardless of irradiation, dietary vitamin E improved color a* value 
(redness) of raw meat. The improvements were not significant (p>0.05) at 0 day. At 7 day 
and 12 day, however, all meat supplemented with vitamin E (VE, VE+Se, VE+CLA, and 
VE+Se+CLA) had higher a* value than other treatments, especially when vitamin E was 
combined with Se (VE+Se) and with both Se and CLA (VE+Se+CLA). This was 
consistent with the results of Nam et al. (2003b), indicating that dietary vitamin E at > 
100 IU/kg was effective in stabilizing turkey breast meat color with aerobic packaging. 
Dietary CLA reduced (p<0.05) both L* value (lightness) and a* value of non-
irradiated raw meat. Irradiation significantly (p<0.05) increased a* value (redness) of raw 
turkey patties. Redness was increased after 7 days and 12 days of storage. Dietary 
functional ingredients reduced some of the redness changes, but the reduction cannot 
ultimately modify the pink color caused by irradiation. 
Volatile profiles 
The aromatic volatile compounds detected in non-irradiated meat were 
hydrocarbons, aldehydes, alcohol, and ketones (Table 8). 
Compared to non-irradiated meat, irradiation of raw turkey breast created a new 
sulfur-containing compound, dimethyldisulfide. The amounts of dimethyldisulfide from 
control diets increased after 7 days of storage, but dietary treatment decreased this 
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compound significantly (p < 0.05). Interestingly, no dimethyldisulfide was detected in 
treatments VE+Se, VE+CLA, and VE+Se+CLA after 7 days of storage, and the amounts 
in treatments CLA and Se+CLA were lower than that at Day 0. Ahn et al. (2000) reported 
that sulfur-containing volatile compounds that were responsible for irradiated meat off-
odor were highly volatile and easily evaporated under aerobic conditions. 
Irradiation also increased the amounts of total hydrocarbons, aldehydes, alcohols, 
and ketones (p<0.05) (Table 8). Dietary supplementation of vitamin E, Se, or CLA 
reduced (p<0.05) the production of hydrocarbons, aldehydes, and alcohols, especially 
when vitamin E was combined with CLA. The total hydrocarbons and aldehydes were 
reduced in non-irradiated meat. Hydrocarbons, aldehydes, alcohols, and ketones are 
volatiles that are derived from lipid degradation. Autooxidation of unsaturated fatty acids 
is not only responsible for rancid off-flavors during storage, known as 'warmed -over 
flavor', but for characteristic meat flavor due to complex volatile compounds produced by 
lipid oxidation (Mottram, 1983). Shahidi and Pegg (1994) indicated that some aldehydes 
like hexanal and pentanal were good indicators of lipid oxidation. Our study showed that 
aldehydes, hydrocarbons, alcohols, and ketone were all increased by storage and 
irradiation, and these increases were reduced by dietary vitamin E and Se as well as the 
fatty acids modifier CLA, which agreed with the TEARS values discussed previously. 
Sensory evaluation 
Irradiation off-aroma was easily detected by sensory panels. During training 
sessions, sensory panels described irradiation off-aroma of irradiated raw meat as sulfury, 
vegetable, hospital-like, or wet-dog, which was distinguished from that of non-irradiated 
meat. Sensory scores of both raw turkey meat aroma and irradiation off-aroma are listed 
in Table 9. When the scores for irradiation off-aroma were high, the scores for turkey 
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aroma were relatively low. Dietary vitamin E, Se, CLA, and their combinations 
influenced both raw turkey aroma and irradiation off-aroma, especially in aerobically 
packaged meat. Samples from four dietary treatments containing CLA (CLA, VE + CLA, 
Se + CLA, VE + Se + CLA) had higher turkey aroma scores while two treatments 
containing vitamin E (VE and VE + Se) had lower scores than the control. The turkey 
aroma scores of turkey meat from Se + CLA and VE + Se + CLA treatments were 
significantly (p < 0.05) higher than those of VE and VE+SE. Irradiation off-aroma in 
turkey breast was reduced significantly (p < 0.05) by dietary treatments containing 
vitamin E (VE, VE+SE, VE + Se + CLA). Single supplementation of Se or CLA had no 
positive effect on off-aroma reduction. Instead single supplementations of CLA increased 
the off-aroma (p<0.05). When vitamin E and Se were combined with CLA, the strength 
of off-aroma was decreased. 
Principal component analysis 
One of the purposes of principal component analysis is to derive a small number 
of independent linear combinations (principal components) that retain as much of the 
information in the original variables as possible. Principal component analysis of was 
firstly applied in volatile data. The results showed that two principal components (Pel) 
and component 2 (Pc 2) explained 94% (38 % and 56% respectively) of the total 
variability due to irradiation and storage, which provided an adequate summary of the 
data for most purposes. Their loadings are presented in Table 10. The variation of Pel 
was mainly generated by total hydrocarbons, total aldehydes, pentane, hexanal, l-octen-3-
ol, and nonanal. Hydrocarbons and aldehydes weigh heavier than other compound. The 
variation of Pc2 was mainly attributed to dimethyl disulfide, and sulfur containing 
compound contrasted to other compounds. 
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Another use of principal component analysis is exploring polynomial relationship. 
Table 11 shows the correlation coefficients by principal component analysis procedure 
among lipid oxidation, two sensory attributes (raw turkey aroma and irradiation off-
aroma), volatile profiles, and concentrations of vitamin E, selenium and CLA. There were 
several significant correlations among these chemical and sensory variables determined 
on turkey patties with different treatments. As indicated in Table 11, lipid oxidation 
(TEARS) is positively correlated (p<0.05) with total hydrocarbons, total aldehydes, total 
alcohols, hexanal, l-octen-3-ol, pentane, 2-butanone, 1-hexanol, and negatively correlated 
(p<0.05) with total ketones. Turkey meat aroma is negatively correlated (p<0.05) with 
irradiation off-aroma most volatile compounds. Irradiation off-aroma is positively 
correlated with dimethyl disulfide as well as hexanal, 2-butanone, and pentane. 
Concentration of vitamin E had negative relation (p<0.05) with lipid oxidation and 
production of total hydrocarbons, total aldehydes, and total alcohols. The individual 
representative compounds were hexanal, pentane, l-octen-3-ol, and nananal. Ketone 
compounds such as 2-propanone was positively related with vitamin E concentration. 
Both concentrations of selenium and CLA had negative correlation (p<0.05) with 
production of sulfur-containing compounds. 
Conclusions 
It was concluded that dietary functional ingredients (vitamin E, selenium, and 
CLA) improved feed efficiency of turkey during the finishing period. Lipid oxidation and 
off-odor of turkey breast meat caused by storage and ionizing irradiation were reduced by 
dietary vitamin E, selenium, and CLA, especially when vitamin E was combined with 
selenium, CLA, or with both selenium and CLA. 
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Table 1. Turkey diets from 0 to 12 week. 
0-3 wks 4-6 wks 7-9 wks 10-12 wks 
Corn (%) 43.67 48.39 52.72 53.3 
Soybean meal (%) 47.71 45.24 40.15 37.06 
Fish meal (%) 3.00 0.00 0.00 0.00 
Dicalcium phosphate (%) 1.92 2.13 2.01 1.93 
Limestone (%) 1.28 1.32 1.29 1.22 
Soy Oil (%) 1.46 1.83 2.68 5.41 
Mineral Premix 1 (%) 0.30 0.30 0.30 0.30 
Vitamin Premix 2 (%) 0.30 0.30 0.30 0.30 
Salt (%) 0.11 0.14 0.14 0.15 
L-Lysine (%) 0.01 0.14 0.14 0.11 
DL-Methionine (%) 0.21 0.20 0.20 0.19 
BMD (%) 0.025 0.025 0.025 0.025 
Total amount (%) 100.00 100.00 100.00 100.00 
'contains sodium 33%, chloride 58%, zinc 13,300 mg/kg, manganese 2,300 mg/kg, iron 12,300 mg/kg, 
copper 2,000mg/kg. 
^contains vitamin A 2,688,333 IU/kg, vitamin D3 526,667 IU/kg, vitamin E 5,000 IU/kg, vitamin K 
(MSBC) 1,200 mg/kg, riboflavin 2,600 mg/kg, pantothenic acid 4,267 mg/kg, niacin 25,000 mg/kg, choline 
169,667 mg/kg, folic acid 540 mg/kg, biotin 90 mg/kg, pyridoxine 2,025 mg/kg, thiamine 675 mg/kg, 
vitamin B12 5,333 mg/kg. 
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Table 2. Experimental turkey diets from 12 to 15 weeks 
Ingredients Con VE Se CLA VE+Se VE+CLA Se+CLA VE+Se 
+CLA 
Corn (%) 62.50 62.40 62.50 62.50 62.40 62.40 62.50 62.40 
Soybean meal (%) 29.10 28.20 29.10 29.10 28.20 28.20 29.10 28.20 
Soy oil (%) 4.36 4.33 4.36 1.86 4.33 1.83 1.86 1.83 
CLA source (%) 0.00 0.00 0.00 2.50 0.00 2.50 2.50 2.50 
Vitamin E premix 1 
(%) 0.00 1.00 0.00 0.00 1.00 1.00 0.00 1.00 
Mineral premix 12 
(%) 0.00 0.00 0.30 0.00 0.30 0.00 0.30 0.30 
Mineral premix 23 
(%) 0.30 0.30 0.00 0.30 0.00 0.30 0.00 0.00 
Vitamin premix4 
(%) 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 
Dicalcium phosphate 
(%) 1.72 1.72 1.72 1.72 1.72 1.72 1.72 1.72 
Limestone (%) 1.27 1.27 1.27 1.27 1.27 1.27 1.27 1.27 
DL-Methionine 
(%) 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 
L-Lysine (%) 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 
Salt(%) 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 
BMD (%) 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
Total (%) 100.00 100.00 100.00100.00 100.00 100.00 100.00 100.00 
1 Contains 20.000IU /kg vitamin E. 
2 Contains 100 mg/kg selenium plus sodium 33%, chloride 58%, zinc 13,300 mg/kg, manganese 2,300 
mg/kg, iron 12,300 mg/kg, copper 2,000mg/kg. 
3 contains only sodium 33%, chloride 58%, zinc 13,300 mg/kg, manganese 2,300 mg/kg, iron 12,300 
mg/kg, copper 2,000mg/kg, without selenium. 
4 contains vitamin A 2,688,333 IU/kg, vitamin D3 526,667 IU/kg, vitamin K (MSEC) 1,200 mg/kg, 
riboflavin 2,600 mg/kg, pantothenic acid 4,267 mg/kg, niacin 25,000 mg.kg, choline 169,667 mg/kg, folic 
acid 540 mg/kg, biotin 90 mg/kg, pyridoxine 2,025 mg/kg, thiamine 675 mg/kg, vitamin B12 5,333 mg/kg. 
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Table 3. Effect of dietary functional ingredients on weight gain, feed consumption, and 
feed conversion rate of turkeys during the 12-15 week feeding period 
Diets Weight gain Feed consumption FCR1 
(kg) (kg) 
Con 3.39"^ 10.65" 3.14" 
VE 3.43" 10.69" 3.12" 
Se 3.41" 10.61" 3.10" 
CLA 3.27b 10.21ab 3.12" 
VE+Se 3.46" 10.63" 3.07"^ 
VE+CLA 3.46" 10.27ab 2.96b 
Se+CLA 3.29^ 9.96b 3.02b 
VE+Se+CLA 3.47" 10.02b 2.89b 
SEM 0.13 0.75 0.18 
'Feed Conversion Ratio 
a b means within a column with no common superscript differ significantly (p<0.05); n=4 
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Table 4. Concentrations of vitamin E and selenium in turkey breast with different diets 
Vitamin E content (ug/g) 
Diets Se content fue/g) Non-irradiation 1.5 kGv irradiation 
Con 0.20b 0.86b* 0.66^ 
VE 0.19b 3.93"^ 2.53^ 
Se 0.48" 0.91^ 0.70^ 
CLA 0.22b 0.90b 0.78b 
VE+Se 0.50" 4.16"^ 3.26"^ 
VE+CLA 0.22^ 3.86" 3.30" 
Se+CLA 0.49" 0.81^ 0.71b 
VE+Se+CLA 0.52" 4.05"^ 3.41"^ 
SEM 0.15 1.56 1.25 
a
"
b means within a column with no common superscript differ significantly (p<0.05); n=4 
x
"
y means within a row with no common superscript differ significantly (p<0.05). 
Table 5. Fatty acids composition of turkey breast as affected by Vitamin E, Se and CLA. 
Dietary treatments 
Fatty acids Con VE Se CLA VE+Se VE+CLA Se+CLA VE+Se+CLA SEM 
( 0 / \  
C14:0 0.22" 0.28* 0.29* 0.33" 0.28* 
^ / 0 J  
0.30" 0.34" 0.32" 0.04 
C16:0 9.06 8.26 9.03 8.25 8.33 8.66 8.90 9.18 0.39 
C16:l,n7 8.62 19.46 19.79 20.09 19.46 19.92 20.22 19.60 0.50 
C17:0 0.48" 0.41* 0.42* 0.36" 0.41* 0.42* 0.38" 0.35" 0.04 
C17:l,nl0 0.20 0.19 0.18 0.18 0.18 0.18 0.18 0.18 0.01 
C18:0 16.62 16.24 16.74 17.26 16.57 17.15 16.81 17.10 0.34 
C18:ln9 12.69* 14.08" 13.97" 11.46b 13.14* 11.59b 11.19" 10.47" 1.34 
C18:l n7 2.28" 2.24" 2.31" 1.82" 2.21" 1.95* 1.70' 1.80" 0.25 
C18:2 n6 24.81 24.91 24.34 23.87 23.97 23.16 23.03 23.59 0.71 
C18:3,n6 0.09" 0.09" 0.07b 0.14" 0.09' 0.13" 0.16" 0.20" 0.01 
C18:3,n3 0.77b 1.09" 0.85" 0.87" 0.85" 0.71* 0.62" 0.62" 0.16 
Cis-9, 
1.95* trans-11 CLA 0.00' 0.00' 0.00' 2.20" 0.09' 2.68" 2.68" 1.28 
Trans-10, 
cis-12 CLA 0.00' 0.00' 0.00' 1.33* 0.00' 1.15* 1.80" 1.59" 0.81 
C20:0 0.89" 0.65" 0.75* 0.72* 0.64" 0.61" 0.75* 0.44' 0.13 
C20:l,n9 0.71" 0.63* 0.61* 0.59* 0.76" 0.57* 0.42" 0.40b 0.14 
C20:4,n6 11.87" 10.24* 9.53* 7.68" 9.62* 8.17" 7.62" 8.24" 1.46 
C20:5,n3 0.06" 0.13bc 0.13"° 0.32" 0.10b 0.17" 0.24* 0.17" 0.05 
C22:0 0.38' 0.36' 0.33' 0.81" 0.60" 0.69* 0.70* 0.71* 0.16 
C22:4,n6 0.32" 0.12' 0.12' 0.35" 0.26* 0.38" 0.31" 0.23* 0.08 
C22:5,n6 1.92" 1.69* 1.60* 1.56" 1.68* 1.44b 1.34" 1.48b 0.19 
C22:6,n3 0.69" 0.61b 0.61b 0.95" 0.65" 0.88" 0.72* 0.85" 0.10 
a
"
c means within a raw with no common superscript differ significantly (p<0.05); n=4 
Table 5. (continued) 
Dietary treatments 
Fatty acids Con VE Se CLA VE+Se VE+CLA Se+CLA VE+Se+CLA SEM 
(0/\ 
Total MUFA 34.50ab 36.59" 36.85" 33.96" 35.49* 
\/°) 
33.59" 33.71" 32.45" 1.52 
Total PUFA 37.69* 38.88" 37.26* 39.04" 37.05* 38.64" 38.41" 39.35" 0.90 
Total n3 PUFA 3.43" 3.52" 3.20* 3.81" 3.31* 3.25* 2.81" 2.82" 0.28 
Total n6 PUFA 36.09 35.36 34.06 35.18 33.74 35.39 35.60 36.53 1.02 
Total non-CLA 
PUFA 37.68" 38.88" 37.26" 34.47b 37.03" 35.03b 33.93" 35.08" 0.87 
Total saturated 
FA 27.65" 26.20" 27.56" 27.91" 27.46" 27.77" 27.88" 28.20" 0.66 
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Table 6. Effect of functional ingredients on lipid oxidation of raw turkey breast 
Non-irradiated 1.5 kGv irradiated 
Diets 0 day 7 day 12 day 0 day 7 day 12 day 
TEARS (mg MDA/kg meat) 
Con 0.18" 0.41"? o.6o'y 0.24" 0.75^ 1.05" 
VE 0.13bx 02"bxy 0.27^ 0 igabcx 0.30**^ 0.68^ 
Se 0.15** 0.23** 0.48*? 0.21** o
 
O
 !
 
0.56^ 
CLA 0.14^* 0.24^ 0.49*^ 0.19abcx 0.35**^ Q72»bcy 
VE+Se 0.12bx 0.16b* 0.20bx 0.17bcx 0.20bx 0.34'^ 
VE+CLA 0.10bx 0.12bx 0.18b* 0.15"* 0.17bx 0.23^ 
Se+CLA 0.12b* o.2i**y 0.46^ 0 igabc* 0.40^ O
 
00
 
o
 1-
VE+Se+CLA 0.10bx 0.12bx 0.16b* 0.14" 0.16bx 0.22^ 
SEM 0.02 0.03 0.08 0.02 0.06 0.08 
a
"
d means within a column with no common superscript within the same storage day differ significantly 
(p<0.05); n=4 
x y means within a row with no common superscript within the same irradiation dose differ significantly 
(p<0.05). 
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Table 7. CIE color values of raw turkey breast patties during storage 
a^ b^ 
Non- 1.5 kGy Non- 1.5 kGy Non- 1.5kGy 
irradiated irradiated irradiated irradiated irradiated irradiated 
0 day 
Con 46.49 46.16* 1.18*"* 3.72? 8.79** 8.79** 
VE 45.81* 44.53*"? 1.32** 3.64? 8.27*"* 8.27*"* 
Se 45.07 44.5*" 1.13*"* 3.62? 8.08*" 8.08*" 
CLA 44.16 43.89" 0.93"* 3.54? 7.77" 7.77" 
VE+Se 44.52 44.38*" 1.35** 3.45? 7.67" 7.67" 
VE+CLA 44.46 44.41*" 0.99"* 3.49? 7.79"* 7.79"* 
Se+CLA 44.13 43.75" 0.90"* 3.77? 7.92" 7.92" 
VE+Se+CLA 44.94 44.01" 1.28** 3.92? 7.77"* 7.77"* 
SEM 0.45 0.41 0.08 0.11 0.18 0.18 
7 day 
1.05"* Con 46.99* 47.07* 4.51*? 7.95* 7.82* 
VE 46.29" 46.78* 1.29*"* 3.94"? 8.02* 7.40*"" 
Se 46.57" 46.30* 1.15"* 3.98*"? 7.76*" 7.78*" 
CLA 45.25* 45.15" 0.93"* 4.12*"? 7.02" 7.0l"" 
VE+Se 46.38* 46.11* 1.62** 4.14*"? 7.89* 7.20*"" 
VE+CLA 45.72* 45.46" 0.98"* 3.94"? 7.62*"* 6.88"? 
Se+CLA 45.32" 46.17*" 1.10* 4.20*"? 7.39*" 7.54*"? 
VE+Se+CLA 45.72" 46.15*" 1.65** 4.07*"? 7.52*" 7.25*"" 
SEM 0.47 0.47 0.11 0.12 0.2 0.17 
12 day 
Con 48.08* 48.21* 1.18"* 4.27*? 8.02* 8.38? 
VE 48.49* 47.33*" 1.23*"* 3.64"^ 8.1 8.34 
Se 48.05* 47.60*" 1.17"* 3.89*^? 7.83 8.29 
CLA 46.99" 45.53" 1.02"* 3.66"^ 7.38 7.68 
VE+Se 47.43*" 47.66*"" 1.39** 3.68""? 7.51 7.9 
VE+CLA 46.07" 45.36" 1.21*"* 3.56""? 8.17 7.91 
Se+CLA 46.63"" 45.15*"" 1.05"* 4.2*"? 7.72* 8.23? 
VE+Se+CLA 46.53"" 46.19*"" 1.43** 3.67*""? 7.68 7.815 
SEM 0.46 0.17 0.12 0.13 0.19 0.22 
a c means within a column with no common superscript within the same storage day differ significantly 
(p<0.05); n=4 
x
"
y means within a row with no common superscript within the same color parameter differ significantly 
(P<0.0) 
Table 8. Volatiles of raw turkey breast patties as affected by different diet treatment, irradiation and storage time. 
Hydrocarbons Aldehydes Alcohols Ketones Sulfur-compounds 
Diets OkGy 1.5 kGy 0 kGy 1.5 kGv OkGv 1.5 kGy OkGy 1.5 kGy OkGv 1.5 kGy 
Total ion count x 104 
0 day 
Con 459* 1867"? 474™ 1070ay 7006™ 8905? 591 lb 5599° 0X 896"? 
VE 11 lcx 541bcy 310* 452b 7038* 7564 7168*? 6213°* 0X 323b? 
Se 360** 73yby 443a 483^ 5762b* 8314y 7014*y 6079°* 0* 927"? 
CLA 359** 868b? 313** 539^ 5392b* 7818? 5612b 5903° ox 394by 
VE+Se 129c 174° 226f 219° 6087bx 7450y 8648» 8435» ox 236^° 
VE+CLA 148° 89° 106° 182° 6515** 7533? 9052* 8433* 0* 205°? 
Se+CLA 243b* 642^°? 250^* 455by 6334** 8008? 6480b 7038^ ox 294bcy 
VE+Se+CLA 133c 132° 70° 99° 6330** 7908? 7145* 6331° ox 179°? 
SEM 58 126 169 117 1473 1719 934 962 0 144 
7 day 
Con 654™ 2920"? 1317™ 3133»? 9901™ 11804"? 4452cx 6326bcy ox 1453ay 
VE 288b 538° 442b 563° 5988^* 9238b? 5804c 5785c ox 628b? 
Se 589™ 1716by 537** 980by 6787bx 10450*? 7620b 6105bc 0* 1206"? 
CLA 688™ 1630by 385^* 1365by 7729** 9680^? 6297bc 5980c ox 203°? 
VE+Se 197bx 391°? 193° 259" 5975b* 9094by 8989a 9175a 0 0d 
VE+CLA 105' 144d 203° 282^ 5837^* 7602°? 7421b 7172b 0 0d 
Se+CLA 485** 1529b? 309b* 1436by 4965™ 10863*? 6868bc 6601bc ox 139°? 
VE+Se+CLA 0d 274° 127° 186d 5494bx 8033°? 6226bc 6096bc 0 0d 
SEM 119 136 134 96 1473 2141 1226 1043 0 372 
a d means within a column with no common superscript within the same storage day differ significantly (p<0.05); n=4 
x
"
y means within a row with no common superscript within each compound group differ significantly (p<0.05); n=4 
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Table 9. Sensory scores of raw turkey aroma and irradiation off aroma of raw turkey 
breast supplemented with different diets. 
Raw turkey aroma Irradiation off-aroma 
Treatments OkGv 1.5 kGv OkGv 1.5kGv 
Control 8.72*^* 5.12»? 0.24* 6.07*^ 
VE 6.71b* 3.68^? 0.22* 5.06^? 
Se 8.73^* 3.72*y 0.24* 5.85^? 
CLA 8.82^* 2.84^ 0.13* 9.25? 
VE+Se 6.63b* 2.06b? 0.07* 4.59b? 
VE+CLA 8.37=** 2.42^ 0.19* 7 2gaby 
Se+CLA 10.14ax 2.75^ 0.14* 7.58^? 
VE+Se+CLA 10.05ax 2.60^ 0.16* 5.10b? 
SEM 1.12 0.90 0 08 1.16 
a
"
bValues with different superscripts within a column are significantly different ( P  <  0.05). 
"^Values with different superscripts within each sensory attribute are significantly different ( P  <  0.05). 
SEM is standard error of the means, n = 4. 
No aroma = 1, strong aroma =15. 
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Table 10. The variation sources of the first two principal components for volatile analysis. 
Variables Principal components 
Pel Pc2 
Total hydrocarbons 0.3209 -0.0363 
Total aldehydes 0.3147 -0.1148 
Total alcohols 0.2051 0.0417 
Total ketones -0.1555 -0.0832 
Sulfur compounds 0.1547 0.3893 
Pentane 0.3263 -0.0334 
2-propanone -0.1608 -0.0858 
Methanol 0.0092 -0.0853 
Ethanol 0.1709 0.2620 
2-propanol -0.0787 0.1905 
2-butanone 0.1662 0.0783 
Dimethyl disulfide 0.2564 0.3869 
Octane 0.1107 -0.0452 
Hexanal 0.3195 -0.0504 
l-hexen-3-ol 0.2129 -0.2393 
Heptanal 0.2102 -0.2522 
1-hexanol 0.2608 -0.2582 
1-pentanol 0.0697 -0.0993 
l-octen-3-ol 0.2953 -0.1129 
Nonanal 0.2882 -0.0820 
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Table 11. Correlation coefficients between lipid oxidation, sensory attributes, volatile 
profiles, and concentrations of vitamin E, selenium, and CLA. 
TEARS 
Turkey 
aroma 
Irradiation 
off-aroma VE Se CLA 
Turkey aroma -0.11 
Irradiation aroma 0.13 -0.96** 
VE -0.56* 0.04 -0.09 
Se -0.20 0.05 -0.09 
CLA -0.30 0.003 0.09 
Total hydrocarbons 0.78** -0.43* 0.49* -0.59* -0.09 -0.13 
Total aldehydes 0.89** -0.28 0.31* -0.49* -0.14 -0.13 
Total alcohols 0.42* -0.09 0.10 -0.37* 0.05 -0.46 
Total ketones -0.39* -0.04 0.05 0.39* 0.26 0.18 
Sulfur compounds 0.29 -0.40* 0.54* -0.20 -0.31 -0.42* 
Pentane 0.78** -0.44* 0.49* -0.61** -0.07 -0.13 
2-propanone -0.43* -0.006 0.01 0.40* 0.27 0.19 
Methanol -0.01 0.17 -0.18 -0.25 -0.16 -0.25 
Ethanol 0.21 -0.40* 0.42* -0.19 0.04 -0.28 
2-propanol -0.17 -0.30* 0.23 0.64** 0.06 -0.40* 
2-butanone 0.58* -0.65** 0.45* -0.14 0.05 -0.21 
Dimethyldisulfide 0.29 -0.40* 0.64** -0.20 -0.32* -0.42* 
Octane 0.52* -0.25 0.33* -0.14 0.05 -0.21 
Hexanal 0.90** -0.25 0.30* -0.45* -0.14 -0.17 
l-hexen-3-ol 0.65** -0.25 0.24 -0.29 0.13 0.05 
1-pentanol 0.14 0.22 -0.18 -0.28 0.13 -0.22 
Heptanal 0.41 -0.26 0.23 -0.25 0.07 0.25 
1-hexanol 0.65* -0.25 0.24 -0.34 0.07 0.11 
l-octen-3-ol 0.92** -0.11 0.15 -0.64** -0.15 -0.26 
Nonanal 0.36* -0.06 0.04 -0.33* -0.28* -0.17 
^Significant correlation at P < 0.05. ** Significant correlation at P < 0.01. n = 32 
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CHAPTER 4. EFFECTS OF DIETARY FUNCTIONAL INGREDIENTS ON THE 
QUALITY OF COOKED IRRADIATED TURKEY BREAST MEAT DURING 
STORAGE 
A paper to be submitted to the Journal of Food Science 
H. J. Yan12, and D. U. Ahn34 
Abstract 
Irradiated breast muscle from turkey fed eight different diets [Con, control; VE, 
control +200 IU/kg vitamin E; Se, control+0.3 mg/kg selenium; CLA, control+2.5 % 
conjugated linoleic acids ; VE+Se, control+200 IU/kg vitamin E + 0.3 mg/kg selenium; 
VE+CLA, control+200 IU/kg vitamin E + 2.5 % CLA; Se+CLA, control + 0.3 mg/kg 
selenium + 2.5 % CLA; VE+Se+CLA, control + 200 IU/kg vitamin E + 0.3 mg/kg selenium 
+ 2.5 % CLA] were cooked and quality was evaluated for samples held in vacuum and 
aerobic packaging after 0 and 7 days storage. Dietary treatments VE+Se, VE+CLA, 
Se+CLA, VE+Se+CLA reduced lipid oxidation of cooked irradiated (1.5 kGy) turkey breast 
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meat samples by 24%, 29%, 26%, and 40%, respectively compared to that of the control after 
7 days of storage under aerobic conditions. Dietary factors had no influences on the color of 
non-irradiated cooked turkey breast, but dietary vitamin E and Se decreased the internal a* 
value of irradiated meats in vacuum packages at day 0 and 7, and the effect was even greater 
when vitamin E and Se were combined with CLA. Dietary antioxidants vitamin E, Se, and 
their combinations with CLA significantly reduced volatiles production, especially those that 
were highly correlated with lipid oxidation. Dietary treatments VE + Se, VE + CLA, VE + Se 
+ CLA reduced the difference in sulfur-containing compounds between irradiated and non-
irradiated meat. Aerobic packaging had more effect than vacuum packaging on reducing 
sulfur-containing compounds. Therefore, dietary treatments plus packaging methods are 
effective in reducing the quality defects induced by irradiation. 
Key words: dietary vitamin E, Se, CLA, irradiation, cooked turkey breast, quality 
Introduction 
Irradiation is effective in eliminating pathogens from meat but may influences lipid 
oxidation, color and odor of meat (Gants, 1996). Pinking from irradiation is a critical color 
change that consumers may associate with contamination or undercooked in turkey breast 
meat (Ahn and Maurer, 1990). Nam and Ahn (2002a) characterized the compound 
responsible for pinking in irradiated turkey breast meat as CO-myoglobin. Significant 
amounts of CO were produced by irradiation and changes in oxidation-reduction potential by 
irradiation played an important role in the formation of the pigment (Nam and Ahn, 2002a, b). 
On the other hand, Liu et al. (2003) reported that ratios of Rj=A^ nm/A^o nm and R2=Af,35 
nm/Aseo nm, which are related to the absorbance of visible bands at 485 nm (metmyoglobin), 
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560 nm (oxymyoglobin), and 635 nm (sulfmyoglobin), changed as a result of irradiation and 
storage, and suggested that increase in the relative amount of oxymyoglobin by irradiation 
was responsible for the color changes in irradiated meat. Both of these researchers, however, 
agreed that increased redness of irradiated light meat is related to the oxidation-reduction 
potential of meat. 
Huber et al. (1953) reported that irradiated meat developed a characteristic odor, 
which was described as a metallic, sulfide, wet dog, wet grain, or burnt. The compounds 
responsible for irradiation off-odor are mainly sulfur compounds such as methylmercaptan, 
hydrogen sulfide, sulfur dioxide, dimethyl sulfide, methylthio ethane, methyl ethyl disulfide, 
dimethyl disulfide, and dimethyl trisulfide, which were produced by radiolytic degradation of 
sulfur-containing amino acids (Batzer and Doty, 1955; Patterson and Stevenson, 1996; Ahn 
and Lee, 2002). Others characterized irradiation off-odor as "bloody and sweet" (Hashim et 
al, 1995) or "barbecued corn-like" (Ahn et al, 2000). The aroma of irradiated meat could be 
distinguished easily from non-irradiated meat and consumers considered it as an off-odor 
(Ahn et al, 2000). Therefore, strategies that can control irradiation-induced pinking and off-
odor production in cooked meat are important to improve the acceptance of irradiated poultry 
meat by consumers. 
The primary component of meat is water (75%), and the radiolysis of water produces 
hydrated electrons (es"), hydrogen radicals (H*), hydroperoxide radicals (*OH), and other free 
radicals that can react with meat components such as unsaturated fatty acids, thiol or 
disulfide bonds in protein, and iron in porphyrin ring of meat myoglobin (Taub, 2001) to 
produce various compounds that can affect the quality of meat. Therefore, if the levels of 
endogenous free radical scavengers are increased and the fatty acid composition modified by 
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dietary treatments, the side effects of irradiation on meat quality may be decreased. The 
objective of this study was to determine the effects of dietary supplementation of 
supernutritional levels of vitamin E, selenium (Se), and conjugated lino lie acid (CLA) on the 
quality of irradiated cooked turkey breast. 
Materials and methods 
Sample preparation 
Breast muscles from turkeys fed one of eight different diets (control, 200 IU/kg 
vitamin E, 0.3 mg/kg selenium, 2.5 % conjugated linoleic acids, 200 IU/kg vitamin E + 0.3 
mg/kg selenium, 200 IU/kg vitamin E + 2.5 % CLA, 0.3 mg/kg selenium + 2.5 % CLA, 200 
IU/kg vitamin E + 0.3 mg/kg selenium + 2.5 % CLA) were separated and ground twice 
through a 9-mm plate. Patties (-50 g) were prepared from ground breast, vacuum-packaged 
in oxygen impermeable bags (nylon/polyethylene, 9.3 mlC^/m^/24 at 0 °C), and then 
irradiated with 0 or 1.5kGy using an electron accelerator facility (Surebeam, Chicago, IL). 
The energy level of the lenear accelerator was 10 MeV, power level 10 kW, resulting in an 
average dose 1.47 kGy. Alanine dosimeters placed on the top and bottom surfaces of a 
sample were read using a 104 electron paramagnetic resonance instrument (Bruker 
Instruments Inc., Billerica, MA) to determine the absorbed doses. 
After irradiation, both irradiated and non-irradiated meats were stored at 4 °C for 3 
days before cooking. Patties were cooked in an electric convection oven at 225 °C to an 
internal temperature of 78 °C. Cooked patties were either vacuum-packaged in oxygen 
impermeable bags (nylon/polyethylene, 9.3 mlC^/m^/24 at 0 °C) or aerobically packaged in 
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oxygen permeable zipper bags (polyethylene 4*6, 2 MIL, Associated Bag Company, 
Milwaukee, WI). Lipid oxidation, volatiles, and color change of cooked turkey breast were 
determined after 0 and 7 days of storage. 
TEARS analysis 
Lipid oxidation of meat was determined by measuring 2-thiobarbituric acid-reactive 
substances (TBARS). Minced cooked breast sample (5 g) was placed in a 50-ml test tube and 
homogenized with 15 mL of deionized distilled water (DDW) and 50 pi 7.2% BET 
(butylated hydroxytoluene) using a Brinkman Polytron (Type PT 10/35, Brinkman 
Instrument Inc., Westbury, NY) for 5 s at high speed. Meat homogenate (1 ml) was then 
transferred to a 13 x 100 mm disposable test tube, and 2 ml of TBA/TCA solution (20 mM 
thiobarbituric acid/15% (w/v) trichloroacetic acid) was added. The sample was vortex mixed, 
and incubated in a 90 °C water bath for 15 min. After cooling for 10 min in ice water, the 
samples were vortex mixed and centrifuged at 3000xg for 15 min at 4 °C. The absorbance of 
the resulting upper layer was read at 531 nm against a blank prepared with 1 ml DDW and 2 
ml TBA/TCA solution. The amounts of TBARS were expressed as mg of malonedialdehyde 
(MDA) per kg of meat. 
Volatile analysis 
A dynamic headspace GC/MS method (Nam et al., 2003) was used to determine the 
volatile compounds of cooked patties. The instrumental system included a Solatek 72 
Multimatrix vial autosampler, a Purge & Trap Concentrator 3000 (Tekmar-Dohrmann, 
Cincinnati, OH), and a gas chromatography-mass spectrometry (GC/MS, Hewlett-Packard 
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Co., Wilmington, DE). Minced cooked sample (3 g) was placed in a 40-ml sample vial 
flushed with helium gas (40 psi) for 3 s and capped airtight with a Teflon* fluorocarbon 
resin/silicone septum (I-Chem Co., New Castle, DE). The meat sample was purged with 
helium (40 ml/min) for 13 min at 40° C. Volatiles were trapped using a Tenax/charcoal/silica 
column (Tekmar-Dohrmann), desorbed for 2 min at 225 °C, then focused in a cryofocusing 
module (90° C), and finally desorbed into a column for 60 s at 225 °C for GC analysis. 
Three different HP columns, an HP-624 column (7.5 m, 0.25 mm i.d., 1.4 |im 
nominal), an HP-1 column (52.5 m, 0.25 mm i.d., 0.25 |i m nominal), and a HP-Wax column 
(7.5 m, 0.25 mm i.d., 0.25 ^m nominal) (Hewlett-Packard Co., Wilmington, DE) connected 
using zero dead-volume column connectors (J&W Scientific, Folsom, CA) were used for 
volatile compounds separation. Ramped oven temperature was adopted to improve volatile 
separation. The initial oven temperature of 0 °C was held for 2.50 min. After that, the oven 
temperature was increased to 15 °C at 2.5 °C per min, increased to 45 °C at 5 °C per min, 
increased to 110 °C at 20 °C per min, and then increased to 220 °C at 10 °C per min and held 
for 2.25 min at that temperature. Constant column pressure was maintained at 20.5 psi. 
A mass selective detector (Model 5973; Hewlett-Packard Co.) was used for volatile 
identification. The ionization potential was 70 eV, and the scan range was 29-450 m/z. 
Volatiles were identified by comparing mass spectra with those of the Wiley library 
(Hewlett-Packard Co.) and confirmed by comparing with the spectra profiles of standards 
when available. The area of each peak was integrated using the HP ChemStation™ (Hewlett-
Packard Co.), and the total peak area (total ion countsxlO4) was reported as an indicator of 
volatiles generated from the meat samples. 
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Color measurement 
Cooked breast patties were sliced carefully into two pieces, internal color was 
measured by reading L*, a*, b* values of each piece (four different locations/piece) under a 
Hunter LabScan color meter (Hunter Associated Labs. Inc., Reston, VA) that had been 
calibrated against black and white reference tiles covered with the same packaging materials 
as used for samples. Light source was illuminant A. Area view and port size were 0.25 and 
0.40 inch, respectively. Eight values of each sample (four reading/each piece) were averaged 
and used as sample value for statistical analysis. 
Sensory evaluation of turkey aroma and irradiated off-aroma 
Only cooked samples in vacuum package at 0 day were used for sensory evaluation. 
Turkey meat aroma and irradiation off-aroma of both irradiated and non-irradiated patty 
samples from bird fed different diet were accessed by eight trained panelist. Panelists were 
recruited from the faculty, staff, and students at Iowa State University. The University's 
Human Subjects in Research Committee approved the project. A one hour training session 
was performed before actual samples were presented to panelists. Panelists accessed the 
aroma characteristic differences between irradiated and non-irradiated meat, and made 
comments to description of sensory terms. Testing was conducted in partitioned booths and 
under red fluorescent lights. 
Cooked samples were warmed in a microwave oven to 60° C before serving. Each 
patty was cut into quarters and a single piece was served in a covered four ounce polyfoam 
container labeled with a random three-digit code. Water and unsalted crackers were 
available to the panelists. 
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A line scale (numerical value of 15 units) was used with descriptive anchors (none 
and high) at each end of the line. Data was collected by using a computerized sensory scoring 
system (COMPUSENSE five, v 4.4, Compusense, Inc., Guelph, Ontario, Canada). 
Statistical Analysis 
Analysis of variances (ANOVA) was conducted by the procedure of General Linear 
Model using the SAS software (SAS institute, 1995). Tukey's multiple range test was used to 
compare the differences among mean values (P < 0.05). Mean values and standard error of 
the means (SEM) were reported. Volatile data for each treatment were combined and 
analyzed using the multivariate (YX) PRINCOP program of SAS to determine principal 
components and correlation. Principal component analysis (PCA) is a multidimensional 
modeling method, which bases on the calculation of linear combinations between the 
variables that explain the most variance of the data. Correlations between lipid oxidation and 
color change, lipid oxidation and volatile production were analyzed using the Regression 
Model. Correlation coefficients and their significance (p < 0.05) were reported. 
Results and discussion 
Lipid oxidation 
At both day 0 and day 7, irradiation, packaging methods, and all three dietary factors 
(VE, Se, and CLA) had significant effects (p < 0.00001) on lipid oxidation of cooked breast 
patties (Table 1 and 2). Lipid oxidation of cooked non-irradiated meats was increased by 
storage and (p<0.05) exposure in aerobic conditions (p<0.01). In the aerobic package, 
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TBARS value of the control increased six times after 7 days of storage. Although lipid 
oxidation of cooked irradiated meats was higher (p<0.05) than that of non-irradiated meat in 
vacuum packages, TBARS values were lower than 1.0. There were significant differences 
between lipid oxidation of meats in vacuum packages and in aerobic packages. For non-
irradiated control meat, TBARS value in the aerobic packaging after 7 days of storage was 
4.35 times higher than that in the vacuum packaging. For irradiated meat, TBARS value in 
the aerobic packages after 7 days of storage was 6 times higher than that in the vacuum 
packages. These indicated that irradiation was an enhancer of oxidation of cooked meat, 
especially when cooked meat was exposed to aerobic conditions. 
Ahn et al. (1999) indicated that lipid oxidation was a significant problem in 
irradiated meat only when meat was irradiated and stored under aerobic conditions. Without 
oxygen, lipid oxidation of cooked meat did not progress even with added prooxidants. In this 
study, dietary vitamin E, Se, or CLA alone were effective in decreasing lipid oxidation of 
cooked turkey breast, but the decrease was greater when vitamin E was combined with Se, 
CLA, or Se+CLA. With vacuum packaging, TBARS values of irradiated cooked meats from 
turkeys fed vitamin E + CLA and vitamin E + Se + CLA were even lower than that of non-
irradiated meat from the control diet at day 0. With aerobic packaging, the effect of 
irradiation was more significant after 7 days of storage. Dietary VE+Se+CLA showed a 
stronger antioxidant effect than single supplementation of each of these ingredients. Lipid 
oxidation in irradiated cooked turkey breast meats from turkeys fed diets containing vitamin 
E + selenium, vitamin E + CLA; selenium + CLA, and vitamin E + Se + CLA were lower 
than that of control (24%, 29%, 26%, and 40%, respectively) after 7 days of storage under 
aerobic conditions. The TBARS values of non-irradiated cooked meats from turkeys fed 
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vitamin E + CLA or vitamin E + Se + CLA were not different from those from control diet, 
indicating that vitamin E + CLA and vitamin E + Se + CLA are the most effective in 
preventing lipid oxidation in cooked irradiated turkey breast under aerobic packaging 
conditions. In summary, combination of vacuum packaging and dietary functional 
ingredients, vitamin E, Se, and CLA was the best way to prevent the lipid oxidation of 
irradiated cooked turkey breast meat. 
Color 
Irradiation had significant effects on internal color a* (redness) (p < 0.0001) and L* 
values (lightness) (p<0.05) of cooked turkey breast at day 0 (Table 1 and 3). After 7 days of 
storage, the influence of irradiation on redness (pinking) still existed, but the intensities faded 
in both vacuum and aerobically packaged meats. 
Normal cooked poultry color is light brown or grayish white due to thermal 
denaturation of the meat pigments myoglobin and hemoglobin. Presence of pinking in 
uncured cooked poultry might be a quality problem because consumers may associate it with 
undercooking. Irradiation induces bright pink color of raw poultry (Nanke et al, 1998, 1999), 
and the increased redness remained after cooking in aerobic packaged chicken (Du et al, 
2002). Tappel (1957) attributed the formation of this red pigment as a reduction of denatured 
pigments. Further study (Tappel et al, 1958) found precooked irradiated chicken, beef, and 
pork showed a typical hemochrome spectrum with a maximum peak at 560 nm and a second 
in the 540 nm, which is similar to the spectra of cooked meats treated with reducing agents 
hydrosulfite and carbon monoxide (CO). Nam and Ahn (2002a and b) assumed that the red 
pigment in irradiated raw turkey breast was CO-myoglobin and that denatured CO-
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myoglobin was responsible for the pink color of precooked light meat. In addition, the 
reduction of oxidation-reduction potential due to irradiation played an important role in the 
formation of the pigment. The reduction of oxidation-reduction potential was considered to 
be caused by hydrated (or aqueous) electron (es~), one of the radiolysis radicals from water 
(Whitburn et al., 1982), and was the active species reacting with ferrimyoglobin (Satterlee et 
al., 1971). Irradiation is not the only reason for interior pinking in cooked poultry. Ahn and 
Maurer (1989) reported that the reducing condition plus ligands with a strong affinity for 
heme iron were required for a pink color in fully cooked meats. 
In our study, dietary antioxidant vitamin E and selenium had no influence on the 
color of non-irradiated cooked turkey breast, but they decreased the internal a* value of 
irradiated meats in vacuum packaged meats at days 0 and 7, and the effect was even greater 
when vitamin E and Se or CLA was combined. After 7 days of storage in the vacuum 
packages, meat samples from the turkeys with VE+Se and VE+Se+CLA treatments had the 
lowest a* values, which were equal to that of non-irradiated control meat. In the aerobic 
packages, dietary treatments showed an effect (p<0.05) on a* value of irradiated meats only 
at day 0, Irradiated meat from dietary VE+Se+CLA treatment still had the lowest a* value. 
After 7 days of storage in the aerobic packages, a* value of irradiated meat from controls 
decreased while those from treatments with vitamin E and Se were increased. Vitamin E is a 
strong free radical scavenger in cell membranes and Se is an important component of 
intracellular antioxidant enzymes such as glutathione peroxidase. Both of them can react and 
absorb free radicals induced by irradiation. These results indicated that the reduced interior 
pinking of irradiated cooked turkey breast from dietary supplementation of antioxidants 
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provided evidence that the pink color of irradiated cooked meat is related to the oxidation-
reduction potential. 
Dietary treatment with CLA affected redness of both non-irradiated and irradiated 
breast meat. At day 0 in vacuum packages, non-irradiated samples from CLA treatment had 
significantly lower a* (p<0.05) when compared with other treatments. The lower a* values of 
the treatments with CLA also existed after 7 days of storage in aerobic packages. Similar 
effect of CLA on irradiated and non-irradiated turkey breast color was reported by Du et al. 
(2002b). The mechanism of dietary CLA on cooked meat color is not known yet. 
Volatiles 
Seven hydrocarbons (butane, pentane, hexane, 1-heptane, heptane, octane, 2-octane), 
nine aldehydes (acetaldehyde, propanal, butanal, 3-methyl-butanal, 2-methyl-butanal, 
pentanal, hexanal, heptanal, nonanal), six alcohols (2-methyl-propanol, ethanol, 2-propanol, 
1-pentanol, 1-hexanol, l-octen-3-ol), four ketones (2-propanone, 2-butanone, 2-pentanone, 
2,3-octanedione), and four sulfur containing compounds (methanethiol, carbondisufide, 
dimethyldisulfide, dimethyl-trisulfide) were detected in cooked turkey breast samples. To 
derive a smaller number of independent linear combinations that retain as much of the 
information in the original variables as possible, principal component analysis was applied in 
volatile data. The results showed that two principal components (Pel) and component 2 (Pc 2) 
explained 84% (71 % and 13% respectively) of the total variability due to irradiation and 
storage. Their loadings are presented in Table 4. The first component (Pel) contrasted sulfur 
containing compounds with other compounds. Four individual sulfur containing compounds 
weighed similarly in Pel. Most of the other types of compound (except ethanol, hexane, 2-
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methyl-propane, and 1-propanol) in Pel weighed from 0.1249 to 0.1802. No variables had 
significantly heavier weight than other compounds. 
Further ANOVA of effects of irradiation, packaging method, and storage time as well 
as dietary functional ingredients on the amounts of hydrocarbons, aldehydes, alcohols, 
ketones and sulfur-containing compounds were showed in Table 5 and 6. Irradiation at 1.5 
kGy increased (p < 0.05) the production of total hydrocarbons, aldehydes, alcohols, ketones, 
and sulfur-containing compounds. The effect of packaging was not the same for different 
volatile compounds. After 7 days of storage, the amounts of total aldehydes, alhohols, and 
ketones in vacuum-packaged meat decreased while those in aerobically packaged increased. 
Hydrocarbons, aldehydes, alcohols, and ketones are lipid oxidation-dependent volatiles. Thus, 
the decrease of total aldehydes, alcohols, and ketones in vacuum-packaged meat indicates 
lower oxidative changes occurred in the vacuum-packaged meat (Wu and Sheldon, 1988; 
Ramaswamy and Richards, 1982). 
Sulfur-containing compounds were considered to be responsible for irradiation off-
odor. In this study, sulfur-containing compounds appeared in both non-irradiated and 
irradiated cooked meat at 0 day after cooking, but their amounts were increased 3-5 folds by 
irradiation. After 7 days of storage, sulfur-containing compounds of non-irradiated cooked 
meat in vacuum packages increased three times compared to 0 day while those in irradiated 
meat decreased. The amounts of sulfur-containing compounds in the aerobic packages was 
lower (p<0.05) than those in vacuum packaged cooked turkey breast. This is in accordance 
with other reports that showed sulfur-containing compounds are highly volatile and can 
easily evaporate under aerobic packaging conditions (Ahn et al, 2000; Du et al, 2002a, Nam 
et al, 2003). Sulfur-containing compounds are not only involved in irradiated meat flavor but 
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also responsible for cooked turkey flavor. Schutte (1976) found that dimethyl disulfide and 
dimethyl trisulfide could be formed by Strecker degradation of methionine and cysteine 
during cooking. Wu and Sheldon (1988) attributed dimethyl disulphide to desirable flavor of 
turkey breast roll. Irradiation before cooking seemed to enhance the release of cooked turkey 
flavor compounds - sulfur-containing compounds. If this is true, then optimization of 
irradiation doses, packaging method, and other strategies might increase the acceptance of 
turkey irradiation. 
Dietary antioxidants vitamin E, Se, and their combinations with CLA significantly 
reduced volatile production, especially those from lipid degradation. Dietary vitamin E, CLA 
and their combinations showed significant (p < 0.05) effects in reducing production of total 
hydrocarbons, total aldehydes, and total alcohols. However, total ketones were increased by 
dietary antioxidants. The difference in total sulfur compounds between irradiated and non-
irradiated cooked meat was shown in all dietary treatments at day 0. After 7 days of storage, 
sulfur-containing compounds of irradiated control meat with aerobic packaging were still 
significantly (p<0.05) different from those of non-irradiated meat. However, this difference 
was not significant in dietary treatments, especially in treatments of VE + Se, VE + CLA, VE 
+ Se + CLA. The reduction of volatiles by dietary vitamin E, Se and CLA can be explained 
by correlation analysis with lipid oxidation in which aldehydes, alcohols, and some 
hydrocarbons were highly correlated with TBARS (Table 8). 
In aerobic packaged turkey breast meat, the amounts of total hydrocarbons, aldehydes, 
alcohols and ketones were highly correlated (p < 0.05) with lipid oxidation. Their correlation 
coefficients were higher in irradiated meat than non-irradiated meat. Lipid oxidation of non-
irradiated meat had no correlation (p > 0.05) with total sulfur-containing compounds, but 
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irradiated meats had (p < 0.05). Lipid oxidation was correlated with all individual aldehydes, 
ketones, benzene derivatives, alcohols (except ethanol), and some hydrocarbons (butane, 
pentane, and 2-octane), indicating that these compounds were directly or indirectly produced 
from lipid oxidation. Unlike other compounds, sulfur-containing compounds such as 
methanethiol, carbon disufide, and dimethyl trisulfide in irradiated meat were negatively 
correlated with TBARS values while dimethyl disulfide was positively correlated with the 
TBARS values of cooked turkey breast. 
Sensory evaluation 
Sensory scores in Table 7 showed that there was no difference in turkey meat aroma 
between irradiated and non-irradiated treatments. Cooked meat supplemented with vitamin E 
(VE and VE+Se), especially VE+Se treatment, had lower (p < 0.05) irradiation off-odor than 
control and other dietary treatments. Dietary CLA increased the irradiation off-aroma in 
cooked meat, and the off-aroma could not be reduced even when vitamin E and selenium 
were combined in the diet. 
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Table 1. Effects of dietary factors and processing factors on lipid oxidation and color change of cooked turkey breast 
TBARS L* a* b* 
0 day 7 day 0 day 7 day 0 day 7 day 0 day 7 day 
p-value 
Dietary factors 
VE <0.0001 <0.0001 0.89 0.0006 0.87 0.048 0.29 0.46 
Se <0.0001 <0.0001 0.09 0.0027 0.21 0.0039 0.41 0.99 
CLA <0.0001 <0.0001 0.89 0.99 0.85 0.05 0.26 0.12 
Processing factors 
Irradiation <0.0001 <0.0001 0.04 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Package <0.0001 <0.0001 0.45 <0.0001 0.47 <0.0001 0.55 <0.0001 
Interactions 
VE*irradiation 0.70 0.04 0.06 0.68 0.047 0.0056 0.87 0.17 
Se*irradiation 0.03 0.63 0.63 0.85 0.004 0.84 0.14 0.11 
CLA*irradiation 0.75 0.01 0.39 0.12 0.014 0.10 0.40 0.07 
VE*package <0.0001 <0.0001 0.85 0.70 0.42 0.0007 0.62 0.39 
Se*package 0.03 0.0008 0.69 0.06 0.30 0.02 0.3 0.25 
CLA*package <0.0001 <0.0001 0.12 0.40 0.89 0.34 0.69 0.96 
Pack*irradiation <0.0001 <0.0001 0.099 0.036 0.004 0.54 0.06 0.14 
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Table 2. TBARS values of cooked turkey breast patties as affected by dietary treatment, 
packaging and irradiation treatments 
Vacuum package Aerobic package 
Diets 0 day 7 day 0 day 7 day 
OkGv 1.5 kGv OkGv 1.5 kGv OkGv 1.5 kGv OkGv 1.5 kGy 
TBARS (mg MDA/kg Meat) —-
iy  A  Tiax  nc /ay  a  c i  ax  Con 0.43^ 0.65™ 0.65^ 0.72™ 0.56"? 0.61™ 3.48'? 5.13™ 
VE 0.29" 0.40' 0.40'y 0.55"" 0.38"? 0.43*" 2.89"? 4.33'"" 
Se 0.35"? 0.57"" 0.47by 0.62'"" 0.51" 0.5 lab 2.89"? 4.77ax 
CLA 0.28"? 0.43'" 0.43^ 0.57'^" 0.23"*? 0.32"" 2.84"? 4.01"" 
VE+Se 0.15' 0.36^ 0.36^? 0.48^ 0.25^ 0.29" 2.87"? 3.87"'" 
VE+CLA 0.12' 0.21'f 0.21'^ 0.36'^ 0.19' 0.21' 2.84"? 3.61'" 
Se+CLA 0.16' 0.27"k 0.27^ 04-ydex 0.22^ 0.24' 2.82"? 3.76^" 
VE+Se+CLA 0.09' 0.14f 0.14fy 0.33™ 0.17' 0.20' 2.22' 3.08' 
SEM 0.02 0.02 0.02 0.03 0.07 0.06 0.11 0.07 
a
"
d means within a column with no common superscript within the same storage day differ significantly (p<0.05); 
n=4 
x
"
y means within a row with no common superscript within the same irradiation dose differ significantly 
(p<0.05); n=4 
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Table 3. Color changes of turkey breast patties as affected by different diets and processing 
methods 
L* a* b* 
Diets 0 kGv 1.5 kGv OkGv 1.5 kGv OkGv 1.5 kGv 
Vacuum, day 0 
Con 77.35 78.52 2.12»* 3.30'? 13.36 12.66 
VE 77.07 77.64 2.48' 2.80'" 13.13 12.87 
Se 77.66 78.42 2.38' 2.64" 13.52 13.03 
CLA 77.89 78.57 2.06"" 3.01'? 13.15 12.66 
VE+Se 77.63 78.32 2.39' 2.89'" 13.42 12.44 
VE+CLA 77.94 77.46 2.08"* 3.09'? 13.14 12.69 
Se+CLA 79.55 77.99 2.19"* 3.06'? 13.08 12.53 
VE+Se+CLA 77.81 77.37 2.22' 2.84'" 13.47 13.02 
SEM 0.26 0.23 0.08 0.07 0.13 0.13 
Vacuum, day 7 
Con 75.02 75.60 2.42* 3.06'? 13.99 13.12 
VE 73.98 75.14 2.27 2.40" 14.13 13.73 
Se 74.74 76.21 2.64 2.71' 14.05 13.33 
CLA 74.27 76.00 2.44 2.80'" 13.88 13.20 
VE+Se 73.72 75.16 2.48 2.27" 14.04 13.24 
VE+CLA 74.45 75.28 2.49 2.57'" 13.62 13.59 
Se+CLA 73.96 75.53 2.65 2.75" 13.61 13.85 
VE+Se+CLA 73.96 75.66 2.33 2.43'" 13.56 13.46 
SEM 0.49 0.43 0.11 0.12 0.17 0.24 
Aerobic, day 0 
Con 76.69 76.94 2.18x 3.41'? 13.27 12.89' 
VE 76.64 76.64 2.30 2.76" 13.80 13.20'" 
Se 77.01 77.17 2.41 2.91'" 13.35 13.15'" 
CLA 76.84 78.15 2.27 2.76" 13.83 13.32'" 
VE+Se 75.19 76.65 2.35 2.85" 13.10 13.05'" 
VE+CLA 74.59 75.99 2.32 2.76" 13.59 13.57'" 
Se+CLA 78.19 77.80 2.22 2.72" 13.63 13.09'" 
VE+Se+CLA 77.08 77.75 2.42 2.65" 13.28 13.25'" 
SEM 0.34 0.31 0.03 0.09 0.13 0.15 
a
"
d means within a column with no common superscript within the same package and storage day differ 
significantly (p<0.05); n=4 
x
~
y means within a row with no common superscript within the same color parameter differ significantly 
(p<0.05); n=4 
Table 3. (continued) 
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Diets 0 kGv 1.5 kGy OkGy 1.5 kGy OkGv 1.5 kGv 
Aerobic, day 7 
Con 76.60 77.26 2.36* 3.01»? 13.63 13.19 
VE 76.87 78.02 2.88 2.90^ 1169 13.34 
Se 76.76 77.50 2.72 192» 13.31 13.37 
CLA 77.30 77.73 2.25 2.43" 13.72 12.97 
VE+Se 76.47 76.65 2.70 29gab 13.71 13.19 
VE+CLA 76.28 76.50 2.47 2.66^ 13.38 13.48 
Se+CLA 77.07 77.44 2.84 3.03^ 13.18 12.99 
VE+Se+CLA 76.46 76.84 2.79 2.86^ 13.32 13.58 
SEM 0.43 0.36 0.15 0.13 0.18 0.09 
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Table 4. The variation sources of the first two principal components for volatile analysis 
Principal components 
Variables Pel Pc2 
Total hydrocarbons 0.1753 -0.0845 
Total aldehydes 0.1801 -0.0888 
Total alcohols 0.1780 -0.0471 
Total ketones 0.1713 -0.0333 
Sulfur compounds -0.1519 0.0800 
Acetaldehyde 0.1771 -0.0161 
Pentane 0.1749 -0.0604 
Propanal 0.1749 -0.0788 
Propanone 0.1591 0.0436 
Ethanol 0.0772 0.2363 
Hexane 0.0616 -0.3929 
Propanol 0.1328 0.0397 
Butanal 0.1818 -0.0432 
Butanone 0.1700 -0.0699 
2-Methyl butanal 0.1442 0.2890 
Heptane 0.1773 0.0303 
Pentanal 0.1802 -0.0947 
Dimethyl disulfide 0.1497 0.0520 
Octane 0.1652 -0.0136 
Hexanal 0.1775 -0.0925 
Heptanal 0.1333 -0.0892 
Dimethyl-trisulfide -0.1524 0.0774 
l-octen-3-ol 0.1766 -0.0612 
Nonanal 0.1713 -0.1449 
2-methyl-propane 0.0412 0.2048 
Butane 0.1497 -0.1808 
Methanethiol -0.1685 0.1015 
Carbondisufide -0.1317 -0.0389 
2-methyl-propanol 0.1756 0.0417 
2-Methyl-butanal 0.1715 0.1601 
1 -heptane 0.1249 0.3313 
1 -propanol 0.0959 0.3534 
2-pentanone 0.1309 0.3505 
2,3-pentanedione 0.1581 0.2274 
2-octane 0.1736 -0.0099 
1 -pentanol 0.1669 -0.0651 
1-hexanol 0.1623 -0.1129 
Table 4. Volatile compounds of cooked turkey breast at 0 day as affected by different diet, irradiation and package 
Diets 
Total hydrocarbons Total aldehydes Total alcohols Total ketones Total s- compounds 
OkGv 1.5 kGv OkGv 1.5 kGv OkGv 1.5 kGv OkGv 1.5 kGv OkGv 1.5 kGv 
Vacuum package 
8331"° 484"y Con 8567ay 9248ax 22857* 27804*y 5012ay 6081* 8476° 1905* 
VE 4833°y 6061bx 15672" 17714" 4500aby 5764»"* 9538" 9435" 444by 2258* 
Se 8056»? 9437™ 22459* 23318* 404 ley 4952"* 8656°? 10136abx 471by 2090* 
CLA 7034by 7673dm 16460»" 18314" 4960a 4792" 8049° 6075° 73 lay 1318bx 
VE+Se 5331= 5574" 15581" 16034" 3868° 4123" 11450a" 1075 lab 770ay 1596b* 
VE+CLA 3683d 3548° 10700" 9943° 3439°y 4029°* 15587* K>
 
C\
 
0
0
 
682*"y 1506"* 
Se+CLA 5985°y 7249abx 17486ab 18253" 2980^ 3333d* 8755° 9332" 568"y 1298"* 
VE+Se+CLA 3646d 3941° 10450" 10540e 3440ey 4049e* 14283* 11263ay 509"y 1478"* 
SEM 1528 1235 4599 6127 989 925 2891 1970 128 360 
Aerobic package 
7144"* Con 9403** 10240ay 28290*y 33389* 4168ay 4713* 5052°? 787*? 1782* 
VE 4445c 4719° 21184by 27723"* 2826°y 3857"* 6738" 6522"° 600"y 1619*"* 
Se 5539"° 575 lb 26674*y 30192* 3069*"y 3671"* 9456abx 770l"y 552"? 1607abx 
CLA 3472" 440 lcy 14174cy 23600"* 2324cy 3388"* 5603° 4990° 596"? 141 lbx 
VE+Se 4887= 5079" 20246b 20986"° 2188°? 3953"* 11045* 9026ay 1082»"y 1565bx 
VE+CLA 264ld 3255" 11656e 14415d 2020°? 3439"* 12025* 11342ay 694"y 1323"* 
Se+CLA 5126bc 5122" 15932°y 25658"* 2218° 2746e 11896* 8747*"? 101 laby 1385"* 
VE+Se+CLA 255 ld 3156" 14720e 14442e 2173°y 3784b* 12873* 9856*y 844by 111 lbx 
SEM 1508 830 6328 6136 718 414 2782 2273 295 163 
a
"
d means with no common superscript within the same column in the same package differ significantly (p<0.05); n=4 
x
"
y means with no common superscript within a row of each compound group differ significantly (p<0.05); n=4 
Table 5. Volatile compounds of cooked turkey breast as affected by different diet, irradiation and package after 7 days storage 
Total hydrocarbons Total aldehydes Total alcohols Total ketones Total S-compounds 
Diets 0_kGy 1.5 kGy 0 kGy 1.5 kGy 0 kGy 1.5 kGy 0 kGy 1.5 kGy 0 kGy 1.5 kGy 
Vacuum package 
Con 7555*? 10800* 15979*? 24631** 2669*? 3059* 4848° 4866" 1833* 1716*? 
VE 5097"? 8993"* 14993"? 19539"* 2299*"? 3151* 5832° 5285" 1673" 1617* 
Se 5858*"? 11036* 16738*? 20000"* 2125*"? 2535"* 6629" 6149*" 1777* 1753* 
CLA 4337"? 8241"* 10998°? 17440°* 2210»"? 2508"* 4364e 4466" 1535" 1493" 
VE+Se 4277"? 6266°* 14904" 14927e 2197*"? 2695"* 8998* 7731*"? 1125e 1267" 
VE+CLA 4064by 5830™ 12037°? 15012°* 1994"? 2251"* 8538*" 8392* 1251" 1274»" 
Se+CLA 5600*"? 9202»"* 14682"? 24345* 1568°? 1823°* 8391*" 7350»" 1295" 1370" 
VE+Se+CLA 3052=? 4935°* 12740°? 16928°* 1877"? 2189™ 9370* 7833*? 1296" 1208° 
SEM 2372 1376 3793 2000 445 322 1959 1436 360 393 
Aerobic package 
-
C oo O
 
O
 
VO 
Con 41753* 42782* 365475* 374863* 24235* 27335* 
-
C oo O
 
O
 
VO 16453e 1047? 1303* 
VE 36705" 33595" 317613" 339497'" 22682* 23114*" 18885" 19170"° 988 1226 
Se 38272" 38220" 343284* 351870*" 24233* 28252* 16083"" 16819e 944 1217 
CLA 35747" 30730"° 327699" 338924*" 22912* 23593*" 14999e 15268° 1067 1063 
VE+Se 23806° 24165e 270013°? 338999*"* 19168" 19891" 18722" 20918" 979 1203 
VE+CLA 29978"° 30038"° 285011°? 334516*"* 17861" 18955" 23592* 25694* 985 1198 
Se+CLA 31583"° 33850" 304975" 325490*" 21797" 23321*" 20884* 22094*" 927 1045 
VE+Se+CLA 22701° 27791e 234560°? 275511"* 19157" 21013" 21002* 21721 984 1049 
SEM 5816 5138 39910 44275 3705 3277 3323 3583 243 273 
means with no common superscript within the same row in the same package differ significantly (p<0.05); n=4 
x
"
y means with no common superscript within a row of each compound group differ significantly (p<0.05); n=4 
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Table 7. Sensory score of turkey aroma and irradiation off-aroma of cooked turkey breast 
supplemented with different diets 
Diets Turkey meat aroma Irradiation off-aroma 
OkGy 1.5 kGy OkGy 1.5 kGy 
Control 3.60* 4.02* 1.64* 3.77*? 
VE 2.05" 2.71*" 1.59* 2.75*"? 
SE 3.19* 2.70*" 1.42* 2.47*"? 
CLA 159* 137* 1.64* 3.37*? 
VE+SE 2.41" 2.88*" 1.07 2.01" 
VE+CLA 2.94*" 2.79*" 1.03* 2.93*? 
SE+CLA 2.28" 2.36*" 1.21* 2.69*"? 
VE+SE+CLA 2.88*" 2.73*" 1.05* 2.79*? 
SEM 0.52 0.72 0.83 1.18 
acValues with different superscripts within a column within the same irradiation dose are significantly different 
(P< 0.05). 
x
"
yValues with different superscripts within a row within the same attribute are significantly different ( P  <  0.05). 
SEM is standard error of the means, n = 4. 
No aroma = 1, strong aroma =15. 
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Table 8. Correlation coefficients of TEARS and volatile production of irradiated and non-
irradiated cooked turkey breast in vacuum and aerobic package. 
Volatile compound Vacuum package Aerobic package 
0 kGy 1.5 kGy OkGy 1.5kGy 
Hydrocarbons 0.64** 0.64* 0.91** 0.91** 
2-methyl-propane - - - 0.54* 
Butane 0.395 0.43 0.87** 0.64** 
Pentane 0.56* 0.38 0.91** 0.89** 
Hexane -0.60* -0.58 0.54* 0.22 
1-Heptane - - - 0.12 
Heptane 0.81** 0.93** 0.06 0.06 
Octane 0.27 0.24 0.32 0.12 
2-Octane 0.33 0.27 0.95** 0.98** 
Aldehydes 0.72** 0.57* 0.96** 0.97** 
acetaldehyde 0.08 0.27 0.96** 0.87** 
Propanal 0.77** 0.73** 0.95** 0.99** 
Butanal - - 0.89** 0.96** 
3 -Methyl-butanal -0.08 0.01 0.85** 0.95** 
2-Methyl-butanal - 0.17 0.79** 0.94** 
Pentanal 0.380 0.42* 0.94** 0.96** 
Hexanal 0.73* 0.42* 0.97** 0.97** 
Heptanal 0.54* 0.45* 0.49* 0.58* 
Nonanal 0.04 0.01 0.94** 0.95** 
Alcohols 0.24 0.13 0.98** 0.99** 
2-Methyl-propanol 0.03 0.19 0.78** 0.91** 
Ethanol 0.12 0.23 0.86** 0.05 
2-Propanol 0.07 0.09 0.39 0.72** 
1-Pentanol 0.44* 0.33 0.9** 0.95** 
1-Hexanol - - 0.75** 0.76** 
l-Octen-3-ol 0.60** 0.49* 0.99** 0.98** 
n = 16 for each column. * Significant at p<0.05, ** significant at pO.Ol. 
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Table 8. (continued) 
Volatile compound Vacuum package Aerobic package 
OkGy 1.5 kGy OkGy 1.5kGy 
Ketones 0.58* -0.47* 0.70* 0.83** 
2-Propanone -0.57* 0.47* 0.56* 0.71* 
2-Butanone -0.52* 0.15 0.74** 0.88** 
2-Pentanone - - - 0.93** 
2,3-Octanedione - - 0.93** 0.91** 
Sulfur containing compounds 0.05 0.57 0.39 0.74* 
Methanethiol 0.03 0.24 -0.84 -0.97** 
Carbondisufide 0.32 0.51* -0.40 -0.88** 
Dimethyldisulfide -0.22 0.19 0.75* 0.53* 
Dimethyl-trisulfide 0.14 0.01 -0.38 -0.88** 
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CHAPTER 5. EFFECTS OF DIETARY FUNCTIONAL INGREDIENTS AND 
PACKAGING METHODS ON SENSORY CHARACTERISTICS AND CONSUMER 
ACCEPTANCE OF IRRADIATED COOKED TURKEY BREAST 
A paper to be submitted to Journal of Food Science 
H. J. Yan12, and D. U. Ahn34 
ABSTRACT 
Raw and cooked breast patties from turkeys fed eight different diets [Con, control; 
VE, control +200 IU/kg vitamin E; Se, control+0.3 mg/kg selenium; CLA, control+2.5 % 
conjugated linoleic acids ; VE+Se, control+200 IU/kg vitamin E + 0.3 mg/kg selenium; 
VE+CLA, control+200 IU/kg vitamin E + 2.5 % CLA; Se+CLA, control + 0.3 mg/kg 
selenium + 2.5 % CLA; VE+Se+CLA, control + 200 IU/kg vitamin E + 0.3 mg/kg selenium 
+ 2.5 % CLA] were treated with 2 irradiation doses (0 and 1.5 kGy) and 2 packaging 
methods (vacuum and aerobic). Raw and cooked samples from 32 treatments were tested by 
eight trained panelist for turkey aroma and irradiation off-aroma using an incomplete block 
design. Irradiation off-aroma in turkey breast was reduced significantly (p < 0.05) by dietary 
1 Graduate student, Department of Animal Science and Food Science and Human Nutrition, 
Iowa State University. 
2 Primary researcher and author 
3 Professor, Department of Animal Science, Iowa State University 
4 Author for correspondence 
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treatments containing vitamin E (VE, VE+SE, VE + Se + CLA). Meat from four dietary 
treatments containing CLA (CLA, VE + CLA, Se + CLA, VE + Se + CLA) had higher 
turkey aroma scores while two treatments containing vitamin E (VE and VE + Se) had lower 
scores. Consumer acceptance testing on five selected treatments showed that consumers 
disliked the aroma of irradiated raw meat. Dietary treatments VE and VE + Se improved 
consumer acceptance of the aroma of irradiated meats. Appearance and flavor of cooked 
irradiated meat were preferred by the consumer as compared to non-irradiated meat. 
Key words: Irradiation, consumer acceptance, turkey breast, dietary vitamin E, 
Selenium, CLA. 
INTRODUCTION 
The U.S. Food and Drug Administration (FDA) has approved the use of irradiation 
for a number of foods and purposes, including antimicrobial treatments for spices and dried 
vegetable seasonings (1983), destroying Trichinella in pork (1985), insect disinflations and 
shelf-life extension of foods of plant origin (1986), and pathogenic bacteria control in poultry 
meat (1990), red meat (1997), shell eggs, and sprouting seeds (2000) (FDA, 1997, 2000a, 
2000b). However food irradiation has not yet been commercially used extensively (Borsa, 
2004). Prior to May 2000, a few grocery stores offered irradiated poultry, and none offered 
irradiated red meats (Frenzen et al., 2000). Irradiated frozen ground beef patties were first 
found in the market of Minneapolis-St. Paul area in May 2000, and then spread to additional 
markets (Lipsky, 2000; Murphy, 2000). However, the growth of irradiated meat market is 
still very slow due to factors that influence consumer acceptance. 
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Surveys by the Food Marketing Institute (1997) and American Meat Institute 
Foundation (1993) showed that most supermarket shoppers believed that irradiated foods 
pose a health risk. Risk perception studies indicated that the public viewed food irradiation as 
moderately or highly risky. Frenzen et al. (2001) found that consumer's willingness to buy 
irradiated foods was also associated with other factors, such as gender, education level, 
income, and geographic location while there was no difference in consumer acceptance by 
any risk factors of foodbome illness. The acceptance of irradiated food was also affected by 
consumers' knowledge about food irradiation (Bord et al, 1989; Lusk et al., 1999; Nayga, 
1996). Market simulation studies showed that the proportion of consumers buying irradiated 
meat and poultry increased after the participants of study received additional information 
about food irradiation (Hashim et al., 1995). Bruhn (1995, 1997) noted that targeted 
educational messages about food irradiation could increase consumer acceptance of 
irradiated foods, and conventional consumer concern about irradiation could be decreased 
through educational efforts. Malone (1990) found that the less knowledgeable the 
participants were about food irradiation, the higher was their level of concern about the 
process. Johnson et al. (2004) surveyed and compared consumer attitudes towards irradiated 
food between 1993 and 2003, and found that more consumers were willing to buy irradiated 
products in 2003 than in 1993 (69% vs. 29%). Although consumers were exposed to 
irradiated foods prior to the 2003 survey, consumer awareness was not higher in this study 
than in 1993, when consumers were not exposed to irradiated foods prior to the survey. The 
majority (66%) of the respondents were aware of irradiation, among these, 71% "have heard 
about irradiation, but do not know much about it." Therefore, education has been shown to 
be effective in changing consumers' opinions about buying irradiated foods. However, the 
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effects of positive and negative information about irradiation on consumer response were 
different: a favorable description of irradiation increased willingness-to-pay, and an 
unfavorable description decreased willingness-to-pay. But when subjects were given both 
positive and negative description about irradiation, the negative description dominated and 
willingness-to-pay decreased even though the source of the negative information was from a 
consumer advocacy group and written in a non-scientific manner (Fox et al., 2002). 
Therefore, to improve consumer attitude and their acceptance toward food irradiation, it is 
the scientific community's obligation to provide clear and true information to the public and 
consumers. 
Irradiation has been regarded as one of the most effective methods to eliminate 
pathogens in meat and poultry (Gants, 1996). However, irradiation also produces free 
radicals (e. g., hydrated electrons, hydrogen radicals and hydroxyl radicals) in meat because 
over 75% of muscle is composed of water (Thakur and Singh, 1994). These radicals attack 
lipids and proteins and produce secondary radicals. The radicals either react with meat lipids 
and proteins or react with each other, leading to quality changes of meat such as increased 
lipid oxidation, abnormal color, and off-odor (Ahn et al. 2001; Nanke et al.,1998). Based on 
sensory panels' observation, irradiation develops a specific odor and flavor. Lynch et al. 
(1991) reported that unpleasant odors was produced from irradiated turkey breast fillet and 
was different from non-irradiated samples. Hashim et al. (1995) showed that irradiated raw 
chicken produces a bloody and sweet aroma that remained after meat was cooked. Further 
investigations on model systems containing amino acids and lipids indicated that sulfur-
containing compounds were the key volatiles that are responsible for irradiation off-aroma 
because they were highly volatile and have low threshold, but lipid degradation products 
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(hydrocarbons, aldehydes, alcohols, ketones) also played some role for irradiation off-aroma 
(Ahn and Lee, 2002; Ahn, 2002). 
A series of studies was conducted to improve the quality and sensory properties of 
irradiated meat based on the mechanism of irradiation side-effects and characteristics of off-
aroma, including application of double-packaging (Nam and Ahn, 2002), direct addition of 
antioxidants in meat (Lee et al., 2003), and supplementation of vitamin E in animal diet (Ahn 
et al., 1997). However, how these quality defects induced by irradiation affect consumer 
acceptance and how those strategies increase the consumers' choice of irradiated meat is 
rarely investigated. 
Our previous studies showed that dietary vitamin E, selenium, and conjugated linoleic 
acids (CLA) singly or in combinations improved storage stability and appearance, and 
reduced volatile production of both raw and cooked irradiated turkey breast (Yan and Ahn, 
2005a,b). The objective of this study was to explore the sensory quality and real consumer 
acceptance of irradiated meat as affected by dietary functional ingredients. 
MATERIAL AND METHODS 
Sample Preparation 
Raw turkey breast meat samples were separated from turkeys fed with eight different 
diets: control, 200 IU vitamin E (VE), 0.3 ppm selenium (SE), 2.5% conjugated linoleic acids 
(CLA), 200 IU vitamin E+ 0.3 ppm selenium (VE+SE), 200 IU vitamin E+2.5% CLA 
(VE+CLA), 0.3 ppm selenium+2.5% CLA (SE+CLA), 200 IU vitamin E+ 0.3 ppm 
selenium+ 2.5% CLA (VE+SE+CLA). Each treatment was composed of 4 different pens. 
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Breasts meat from turkeys in each pen was pooled and used as a replication. Breast muscles 
were ground through a 9-mm plate, and patties (-11 Og each) were made using a commercial 
patty machine. Patties were vacuum packaged in oxygen impermeable bags 
(nylon/polyethylene, 9.3 mlC^/m^/24 at 0 °C) for irradiation. 
Irradiation was performed using an electron acceleration facility (Surebeam, Chicago, 
IL). Samples were placed in ice boxes and transported to the irradiation facility and irradiated 
at 0 or 1.5 kGy the next morning. The energy level of the linear accelerator was 10 MeV and 
power level was 10 kW. Alanine dosimeters placed on the top and bottom surfaces of a 
sample were read using a 104 electron paramagnetic resonance instrument (Bruker 
Instruments Inc., Billerica, MA) to determine the absorbed doses, and the average top 
reading was 1.54 kGy and bottom reading was 1.71 kGy. 
After irradiation, both irradiated and non-irradiated meats were stored either in 
vacuum packages or in aerobic packages (oxygen permeable zip bags, polyethylene 4x6, 2 
MIL, Associated Bag Company, Milwaukee, WI) at 4 °C for 3 days before cooking or 
presenting to sensory panels. For raw meat patties, each patty was cut equally into 4 pieces, 
packaged individually, and presented to the sensory panelists or consumers. 
For the cooked meat study, patties were cooked in an electric convectiol oven at 225 
°C to an internal temperature of 78 °C. Cooked patties were immediately packaged in oxygen 
impermeable bags (nylon/polyethylene, 9.3 ml G^/m^/24 at 0 °C) and sent directly to the 
Sensory Evaluation Unit of the Center for Designing Foods to Improve Nutrition at Iowa 
State University. 
Sensory evaluation 
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Two independent sensory studies were conducted. The first test evaluated the aroma 
of raw turkey breast patty and the second evaluated the aroma and flavor of the cooked 
turkey patty. Each test contained thirty two treatments (8 dietary treatments * 2 irradiation 
doses * 2 packaging methods). An incomplete block design was used in both tests of raw 
and cooked meat, 32 treatments were randomly assigned to eight panelists in eight sessions. 
The statistical design was identical for eight sessions. Over two sessions, each treatment was 
given twice to two different panelists. In addition, all panelists received the same two 
treatment controls for each session. Panelist 1 always received the treatments indicated for 
panelist 1, panelist 2 always received the treatments indicated for panelist 2, etc. The initial 
assignment of sample sets to panelists was random. Sample serving order was randomized 
each session among the six samples served. 
Eight panelists were recruited from the faculty, staff, and students at Iowa State 
University. The University's Human Subjects in Research Committee approved the project. 
A one hour training session was performed before testing of raw and cooked meat, 
respectively. Panelists were familiarized with aroma or flavor evaluation techniques and the 
computer software scoring system first. Then both irradiated and non-irradiated raw and 
cooked actual samples were presented to panelists. Panelists accessed the aroma or flavor 
characteristic differences between irradiated and non-irradiated meat, and made comments to 
description of sensory terms. Raw meat samples were evaluated for raw turkey aroma, 
irradiation off-aroma, and rancid off-aroma. Cooked samples were evaluated for turkey 
aroma and off-aroma. 
Testing was conducted in partitioned booths and under red fluorescent lights. A line 
scale (numerical value of 15 units) was used with descriptive anchors (none and high) at each 
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end of the line. Data were collected by using a computerized sensory scoring system 
(COMPUSENSE five, v 4.4, Compusense, Inc., Guelph, Ontario, Canada). 
Individually wrapped raw turkey patties, stored at 4 °C, were removed from cold 
storage 45 minutes prior to testing and equilibrated in room temperature conditions. The 
bags, labeled with random three digit codes, were presented to the panelists. Each panelist 
evaluated six samples per session. The samples were presented simultaneously and panelists 
were instructed to evaluate the samples in the randomized order presented on the computer 
screen. 
For the cooked turkey product, samples were warmed in a microwave oven to 60° C 
before serving. Each patty was cut into quarters and a single piece was served in a covered 
four ounce polyfoam container labeled with a random three-digit code. Water and unsalted 
crackers were available to the panelists. 
Statistical analysis was performed on the ratings received from the trained panelists. 
For each response that was measured, the null hypothesis that all treatments have the same 
effect was tested. Mixed model analysis, using days and panelists as random effects, was 
performed on each response variable using PROC MIXED in SAS (version 8.2, SAS 
Institute Inc., Cary, NC). Tests of treatment group comparisons were evaluated using the 
criteria of the p value (p < 0.05) to define statistical significance. Data was transformed 
using the natural log transformation when necessary. 
Consumer acceptance 
Testing was conducted in the Sensory Evaluation Unit of the Center for Designing 
Foods to Improve Nutrition at Iowa State University. The University's Human Subjects 
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Committee approved the project. Participants were recruited by e-mail and posting signs in 
the buildings. 
Two independent tests were conducted. Based on the sensory scores of trained panels, 
aerobic ally packaged irradiated meat supplemented with 200 IU VE and 200 IU VE + 0.3 
ppm Se were chosen as treatments with least off-aroma and meat supplemented with 2.5% of 
CLA as a treatment with most off-aroma. The three chosen samples together with irradiated 
control and non-irradiated control samples, were used for the consumer acceptance study. 
Raw turkey patties (five treatments) were evaluated for surface appearance and 
aroma. Cooked turkey patties (five treatments) were evaluated for aroma, interior color, and 
flavor. There were 106 participants in the raw turkey test and 102 participants in the cooked 
turkey test. In both studies, participants were asked to answer three multiple choice 
demographic/product usage questions. 
Consumer acceptance was determined by asking the participants to indicate their 
degree of liking on a 9-point horizontal category scale with like extremely anchoring the left 
category and dislike extremely anchoring the right category. Participants completed the test 
by using a computerized scoring system (Compusense five, v 4.4, Compusense, Inc. Guelph, 
Ontario, Canada). Samples were evaluated in partitioned booths under fluorescent lighting 
conditions (70 foot-candles at the surface of the counter). Within each test, participants 
evaluated all the treatments. Presentation order was randomized. 
For the raw meat study, refrigerated raw patties were held at room temperature for 20 
minutes before being presented to the participants. The patties were presented in sealed 
packages labeled with a random three-digit codes. After indicating how much they liked the 
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appearance of the patty, participants were instructed to cut open the bag, smell the sample, 
and indicate how much they liked the aroma of the sample. 
For the cooked meat patties were warmed in microwave ovens (Amana Radarange, 
Amana, IA) before being served. Two patties were warmed on a plate for two 30 s intervals. 
The patties were turned over and the plate was rotated 90 in between heating intervals. 
Heating order was randomized across treatments. Prior to cutting, the patties were placed in 
preheated (77 °C) covered casserole dishes. The patties were cut into sixths and each 
participant received one piece in a covered polyfoam container labeled with a random three-
digit code. After opening the container and evaluating the aroma, participants were asked to 
cut through the sample and indicate their opinion on the color of the freshly cut interior edge. 
Participants were then asked to smell and taste the sample and to indicate their degree of 
liking of the aroma and flavor of the sample. Participants were instructed to rinse their mouth 
with water before starting to taste and between samples. 
Frequencies of responses for the demo graphic/product usage questions were tabulated 
by using Compusense. Liking scores were analyzed using ANOVA in Compusense (dislike 
extremely = 1, like extremely = 9). When treatment effects were significant (p < 0.05), 
means were separated by using Tukey's Honestly Significant Difference. 
RESULTS AND DISCUSSION 
The sensory scores of irradiated and non-irradiated raw turkey breast patties are listed 
in Table 1 and scores of cooked breast patties are listed in Table 2. For raw meat, packaging 
methods showed significant effects on both raw turkey aroma and irradiation off-aroma. The 
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raw turkey aroma in aerobically packaged meat was more intense (p < 0.05) than that in the 
vacuum package while the irradiation off-aroma was less intense (p < 0.05). Generally raw 
turkey aroma is mainly from the products of lipids degradation. Exposure to oxygen 
enhances the process of lipid degradation, so the meat aroma in aerobically package samples 
was stronger than vacuum-packaged meat. Further correlation analyses of sensory scores and 
dynamic headspace volatiles indicated that in aerobically packaged meat, most lipid 
degradation products were correlated (p < 0.05) with raw turkey aroma. 
Irradiation off-aroma was easily detected by sensory panels. During training sessions, 
sensory panels described irradiation off-aroma of irradiated raw meat as sulfury, vegetable, 
hospital-like, or wet-dog, which was distinguished from that of non-irradiated meat. When 
the scores for irradiation off-aroma were high, the scores for turkey aroma were relatively 
low. Packaging methods had significant (p < 0.05) effect on the intensity of irradiation off-
aroma. Under oxygen permeable aerobic packaging conditions, off-aroma of irradiated raw 
meat was much lower (p < 0.01) than that of vacuum packaged samples. Correlation analyses 
of sensory scores and volatiles (Table 3) showed that irradiation off-aroma was positively 
correlated (p < 0.05) with the amounts of sulfur compounds in vacuum packaged samples, 
and with hydrocarbons, aldehydes, and alcohols in aerobically packaged meat. The individual 
compounds correlated with irradiation off-aroma included pentane, l-hexen-3-ol, 1-hexanol, 
2-ethyl-1 -hexanol, butanone, and dimethyl disulfide (Yan and Ahn, 2005). In the model 
systems containing amino acids liposome, sulfur containing compounds as well as benzene 
derivatives were increased greatly by irradiation (Ahn, 2002). Irradiation was the only factor 
that influenced the production of all five sulfur-containing volatile compounds in pork (Ahn 
et al., 2001). Further studies found that sulfur-containing compounds had low threshold and 
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could escape during storage under aerobic package conditions (Nam and Ahn, 2003). This 
can explain the weaker irradiation off-odor in aerobically packaged samples. 
Dietary vitamin E, Se, CLA, and their combinations influenced both raw turkey 
aroma and irradiation off-aroma, especially in aerobically packaged meat. Samples from four 
dietary treatments containing CLA (CLA, VE + CLA, Se + CLA, VE + Se + CLA) had 
higher turkey aroma scores while two treatments containing vitamin E (VE and VE + Se) had 
lower scores than the control. The turkey aroma scores of turkey meat from Se + CLA and 
VE + Se + CLA treatments were significantly (p < 0.05) higher than those of VE and VE+SE. 
Irradiation off-aroma in turkey breast was reduced significantly (p < 0.05) by dietary 
treatments containing vitamin E (VE, VE+SE, VE + Se + CLA). Single supplementation of 
Se or CLA had no positive effect on off-aroma reduction. Instead single supplementations of 
CLA increased the off-aroma (p<0.05), especially when patties were packaged aerobically. 
When vitamin E and Se were combined with CLA, the off-aroma was decreased. 
The responses of sensory panels to cooked meat aroma were different from that of 
raw meat. The overall scores of both turkey aroma and irradiation off-aroma of cooked meat 
were lower than the scores of raw meat. There was no difference in turkey meat aroma 
between irradiated and non-irradiated treatments. Packaging methods showed no influence (p 
> 0.05) for either irradiation off-aroma or turkey aroma. Effects of dietary treatments on 
irradiation off-aroma of cooked meat were similar to raw meat. Cooked meat supplemented 
with vitamin E (VE and VE+Se), especially VE+Se treatment, had lower (p < 0.05) 
irradiation off-odor than other dietary treatments. As in raw meat, dietary CLA also increased 
the irradiation off-aroma in cooked meat, and the off-aroma could not be reduced even when 
vitamin E and selenium were combined in the diet. 
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Raw turkey breast is composed of about 74% of water, 25% of protein, and 1% total 
lipids (USD A, 1999). Ionizing irradiation of water produces the hydrated electrons (eaq~), 
hydrogen radicals (H*), and the hydroxyl radicals (*OH) (Taub, 2001). These free radicals 
could either indirectly react with proteins and lipids or react with the radicals from radiolysis 
of proteins and lipids, producing more radicals. So the free radicals might be the major 
sources of quality changes of irradiated meat. Therefore, quality changes (lipid oxidation and 
off-aroma) of raw meat caused by free radicals can be improved by free radical scavengers, 
which were observed in this and other studies (Ahn et al., 1997; Lee et al., 2003). The role of 
dietary vitamin E as a free radical scavenger in maintaining stability of meat has been widely 
investigated and found to overwhelmingly improve storage stability of both lipid and proteins 
in muscle as a result of deposition of dietary tocopherol within the cell membranes (Gatellier 
et al., 2000; Lin et al., 1989; Cannon et al., 1995). Further study found that dietary vitamin E 
was capable of scavenging carbon-centered radicals and hydrogen radicals (Hiramatsu et al., 
1991). Our sensory data also showed that the combination of vitamin E and Se improved 
aroma better than vitamin E alone. Selenium has been reported to be the functional 
component of a series of endogenous antioxidants and selenium-containing enzymes, a 
representative of which is glutathione peroxidase (GSHPx). GSHPx catalyses the reduction 
of lipid radicals, hydrogen peroxides, and hydroxyl and peroxyl radicals into hydroperoxide 
with the simultaneous oxidation of glutathione to glutathione disulfides (Cohen and 
Hochstein, 1963; Burk, 1997). 
Results of the consumer evaluations of irradiated raw meat indicated that there was 
no difference in "likeness" of appearance (P = 0.06) among the five samples (Tables 5). 
However, consumers' likeness of meat aroma differed (p < 0.0001). Consumers liked non-
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irradiated meat the most, followed by irradiated meat supplemented with VE (200 IU vitamin 
E) and VE + Se (200 IU vitamin E + 0.3 ppm Se). The lowest scores were from irradiated 
meat samples supplemented with CLA (2.5 % CLA) and the control. However, these score 
were in the middle of the scale, which meant that consumer either like or dislike them. The 
results indicated that irradiation off-aroma of raw meat was not pleasant for most consumers, 
and the dietary supplementation of VE and VE + Se improved the consumer acceptance of 
irradiated raw meat. 
For cooked meat samples, consumers showed similar likeness (p > 0.05) to aroma but 
different responses to color and flavor (p < 0.0001). Both color and flavor of irradiated meats 
were preferred by consumers. Samples from turkeys supplemented with VE + Se scored the 
highest (p < 0.05), followed by those with VE and irradiated control. Non-irradiated control 
and irradiated meat with CLA supplementation scored the lowest. Further investigation on 
consumers' comments on cooked patties samples showed that consumers liked the samples 
from turkeys supplemented with VE + Se because their interior color looked fresher and 
tasted "decent" and "more juicy" than other samples. Consumers did not like irradiated 
sample from turkeys supplemented with CLA due to "yellowish color", "hard and dry 
texture", "strange and unpleasant smell", and "less tasteful." 
The consumer study results of cooked irradiated meats were similar to those of other 
study. Lee et al. (2003) reported that the consumer couldn't tell odor differences between 
irradiated and non-irradiated cooked meat due to evaporation of sulfur-containing 
compounds during cooking, and they liked the interior color and flavor of irradiated meat 
with added antioxidants. Irradiation might have enhanced or produced compounds that were 
related to flavor release, but needs further investigation. 
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CONCLUSION 
Irradiation did influence the aroma perception of turkey breast meat, especially raw 
meat. Sulfur-containing compounds were correlated with off-aroma of both raw meat and 
cooked meat. Hydrocarbons were correlated with off-aroma of raw meat while alcohols and 
ketones were correlated with cooked meat flavor. Aerobic packaging reduced irradiation off-
aroma of raw meat after 3 days of storage. Consumers could not detect the aroma difference 
between non-irradiated and irradiated cooked meat. However, consumers liked the flavor and 
appearance of irradiated meat. Dietary vitamin E and VE + Se treatments improved consumer 
acceptance of irradiated meat. 
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Table 1. Sensory scores of raw turkey aroma and irradiation off aroma of raw turkey breast 
supplemented with different diets. 
Raw turkey aroma Irradiation off-aroma 
Vacuum Aerobic Vacuum Aerobic 
Treatments package package package package 
0 kGy irradiation 
Control 6.4i'"y 8.72""* 2.51* 0.24y 
VE 6.02" 6.71" 1.57* 0.22y 
SE 6.71by 8.73""* 1.25* 0.24y 
CLA 8.23' 8.82'" 2.43* 0.13y 
VE+SE 5.76" 6.63" 1.13* 0.07y 
VE+CLA 6.62'"y 8.37'"* 2.49* 0.19y 
SE+CLA 726=% 10.14™ 2.43* 0.14y 
VE+SE+CLA 7.49aby 10.05™ 1.59* 0.16y 
SEM 1.26 1.12 0.76 0.08 
1.5 kGy irradiation 
6.07^ Control 1.46y 5.12™ 10.63™ 
VE 1.60y 3.68'"* 9.30'"* 5.06"y 
SE 1.44y 3.72'"* 9.91'"* 5.85'"y 
CLA 1.03y 2.84"* 9.82'" 9.25' 
VE+SE 0.96 2.06" 8.51"* 4.59by 
VE+CLA 1.09 2.42" 10.32™ 726="y 
SE+CLA 1.52 2.75" 9.72'"* 7.58'"y 
VE+SE+CLA 1.32 2.60" 9.01""* 5.10by 
SEM 0.71 0.90 1.15 1.16 
a
"
bValues with different superscripts within a column with the same irradiation dose are 
significantly different (P < 0.05). 
x-yValues with different superscripts within a row are significantly different (P < 0.05). 
SEM is standard error of the means, n = 4. 
No aroma = 1, strong aroma =15. 
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Table 2. Sensory score of turkey aroma and irradiation off-aroma of cooked turkey breast 
supplemented with different diets 
Turkey aroma Irradiation off-aroma 
Vacuum Aerobic Vacuum Aerobic 
Treatments package package package package 
0 kGy irradiation 
Control 3.62 2.17 1.64 2.39 
VE 2.05 2.95 1.59 0.97 
SE 3.19 2.08 1.42 1.00 
CLA 3.59 3.20 1.64 1.11 
VE+SE 2.41 2.77 1.07 0.90 
VE+CLA 3.94 3.89 1.03 1.40 
SE+CLA 2.28 3.68 1.21 1.38 
VE+SE+CLA 2.88 2.68 1.05 1.02 
SEM 0.52 1.03 0.83 0.49 
1.5 kGy irradiation 
Control 4.02™ 2.92"? 3.77" 3.43" 
VE 271 ah 2.18"" 2.75""* 1.96by 
SE 2.70ab 2.95" 2.47"" 2.44"b 
CLA 3.37" 3.16" 3.37" 3.77" 
VE+SE 2.88"" 2.10"" 2.01"* 1.73by 
VE+CLA 2.79"" 3.00" 2.93" 2.73"" 
SE+CLA 2.36"" 2.94" 2.69"" 2.70"" 
VE+SE+CLA 2.73"" 2.71"" 2.79" 2.60"" 
SEM 0.72 0.75 1.18 0.77 
a
"
eValues with different superscripts within a column within the same package condition are significantly 
different (P < 0.05). 
x
"
yValues with different superscripts within a row with the same sensory attribute are significantly different ( P  <  
0.05). 
SEM is standard error of the means, n = 4. 
No aroma = 1, strong aroma =15. 
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Table 3. Correlation coefficients of volatile compounds and sensory scores of raw turkey 
breast 
Volatile compound Overall Vacuum package Aerobic package 
Turkey Irradiation Turkey Irradiation Turkey irradiation 
aroma off-aroma aroma off-aroma aroma off-aroma 
Total hydrocarbons 0.39* 0.39 0.39* 0.29 0.41* 0.46* 
Total aldehydes 0.24 0.28 0.24 0.32 0.39* 0.56* 
Total alcohols 0.06 0.32 0.16 0.08 0.52* 0.53* 
Total ketones 0.05 0.05 0.05 0.05 0.14 0.23 
Total sulfur-compounds 0.38* 0.42* 0.38* 0.42* 0.23 0.29 
Total benzene derivatives 0.87** 0.87** - - 0.95** 0.94** 
Hydrocarbons 
Pentane 0.40* 0.49** 0.40* 0.49* 0.43* 0.58* 
Octane 0.22 0.29 0.22 0.29 0.04 0.07 
Aldehydes 
Hexanal 0.20 0.28 0.20 0.28 0.29 0.44 
Heptanal 0.29 0.44* 0.29 0.44* 0.58* 0.70** 
Nonanal 0.02 0.01 0.02 0.01 0.26 0.32 
Alcohols 
Methanol 0.16 0.18 0.16 0.18 0.08 0.08 
Ethanol 0.36* 0.38* 0.36 0.38* 0.28 0.25 
2-propanol 0.35* 0.21 0.35 0.21 0.51* 0.29 
l-hexen-3-ol 0.26 0.26 0.26 0.26 0.57* 0.64* 
1-pentanol 0.23 0.19 0.23 0.19 0.10 0.19 
1-hexanol 0.22 0.28 0.22 0.28 0.51* 0.68* 
l-octen-3-ol 0.06 0.14 0.06 0.14 0.14 0.28 
2-ethyl-1-hexanol 0.38* 0.27 0.38* 0.26 0.67** 0.67* 
Ketones 
Propanone 0.02 0.02 0.02 0.01 0.18 0.28 
Butanone 0.63** 0.64** 0.63* 0.63* 0.78** 
0.82** 
Sufur compounds 
Dimethyldisulfide 0.38* 0.42* 0.38* 0.34 0.23 0.29 
benzene derivatives 
Methylbenzene 0.87** 0.87** - - 0.95** 
0.94** 
•Significant correlation at P < 0.05. ** Significant correlation at P < 0.01. n = 32. 
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Table 4. Correlation coefficients of volatile compounds and sensory scores of cooked turkey patties 
Volatile compound Overall Vacuum package Aerobic package 
Turkey Irradiation Turkey Irradiation Turkey Irradiation 
aroma off-aroma aroma off-aroma aroma off-aroma 
Total hydrocarbons 0.13 0.28 0.25 0.37 0.03 0.16 
Total aldehydes 0.04 0.26 0.32 0.34 0.06 0.32 
Total alcohols 0.09 0.48* 0.40* 0.51* 0.49* 0.54* 
Total ketones 0.17 0.36* 0.07 0.42* 0.32 0.39* 
Total sulfur-compounds 0.13 0.74* 0.04 0.78** 0.23 0.73** 
Hydrocarbons 
Butane 0.19 0.08 - - 0.19 0.41* 
Pentane 0.13 0.21 0.24 0.30 0.08 0.07 
Hexane 0.02 0.24 0.01 0.17 0.06 0.29 
1-Heptane 0.41* 0.00 - - 0.54* 0.86** 
Heptane 0.42* 0.00 0.35* 0.22 0.55* 0.38 
Octane 0.24 0.45* 0.13 0.04 0.26 0.02 
Aldehydes 
Propanal 0.18 0.15 0.39* 0.30 0.08 0.10 
Butanal 0.08 0.81* 0.15 0.84** 0.25 0.78** 
2-Methyl-butanal 0.02 0.55* 0.19 0.88** 0.00 0.00 
Pentanal 0.11 0.24 0.22 0.26 0.07 0.24 
Hexanal 0.21 0.15 0.33 0.23 0.07 0.06 
Heptanal 0.03 0.42* 0.04 0.38* 0.13 0.47* 
Nonanal 0.17 0.04 0.10 0.04 0.06 0.24 
Alcohols 
2-methyl-Propanol 0.24 0.24 - - 0.29 0.78** 
Ethanol 0.16 0.82** 0.11 0.87** 0.35 0.79** 
2-Propanol 0.24 0.02 0.51* 0.01 0.27 0.32 
1 -pentanol 0.08 0.35* - - 0.11 0.62* 
1 -hexanol 0.14 0.22 - - 0.08 0.40 
l-octen-3-ol 0.08 0.09 0.65* 0.17 0.08 0.00 
Ketones 
2-Propanone 0.17 0.37* 0.07 0.42* 0.32 0.40* 
2-Butanone 0.02 0.07 0.02 0.14 0.10 0.23 
Sulfur compounds 
Methanethiol 0.19 0.16 - - 0.20 0.73* 
Carbondisufide 0.10 0.14 - - 0.11 0.23 
Dimethyldisulfide 0.03 0.65** 0.05 0.76** 0.23 0.64** 
Dimethyltrisulfide 0.04 0.71** 0.03 0.86** 0.15 0.54* 
benzene derivatives 
Methylbenzene 0.26 0.27 - - 0.32 0.73* 
Benzaldehvde 0.14 0.08 0.10 0.31 0.07 0.11 
•Significant correlation at P < 0.05. ** Significant correlation at P < 0.01. n = 32. 
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Table 5. Consumer demographics of raw and cooked meat consumer acceptance study 
Demographics Raw meat Cooked meat 
Age (%) 
18-24 53.8 49.0 
25-34 14.2 12.8 
35-44 9.4 8.8 
45-54 14.1 19.6 
55-64 8.5 9.8 
Sex (%) 
Male 22.0 22.6 
Female 78.0 77.4 
Consumption frequency of turkey or chicken products (%) 
Once a week or more 84.0 87.3 
At least once a month 15.1 10.8 
Once or a few times a year (19 20 
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Table 6. Consumer acceptance of raw meat patties 
Attributes P value Control Control Vitamin E VE+SE CLA 
(non-irradiated) firradiated) (irradiated) firradiated) (irradiated) 
Appearance 0.060 6.2 6.1 5.8 5.9 5.8 
SD 0.6 0.7 1.1 1.1 1.1 
Aroma <0.0001 5.7" 5.0b 5.6" 5.5" 4.9b 
SD 0.5 0.8 1.0 0.6 0.8 
a
"
bValues with different superscripts within a row are significantly different ( P  < 0.05). 
SD is standard deviation, n = 106. 
Dislike extremely = 1, like extremely = 9. 
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Table 7. Consumer acceptance of cooked meat patties 
Attribute P value Control Control Vitamin E VE+SE CLA 
(non-irradiated) (irradiated) (irradiated) (irradiated) (irradiated) 
Aroma 0.2641 5.0 5.2 5.2 5.1 4.8 
(SD) 0.9 0.8 0.7 0.8 0.7 
Color <0.0001 4.8C 5.5ab 5.5ab 6.0a 5.0bc 
(SD) 0.8 0.6 0.5 0.5 0.7 
Flavor <0.0001 5.0bc 5.5abc 5.6ab 6.0a 5.0C 
a-c-
(SD) L0 08 0/7 0J 0.8 
Values with different superscripts within a row are significantly different ( P  <  0.05). 
n= 102 
1 = dislike extremely, 5 = neither like nor dislike, 9 = like extremely. 
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GENERAL SUMMARY 
From these studies, several conclusions can be made. First, dietary supplementation 
of 200 IU/kg vitamin E, 0.3 mg/kg selenium, and 2.5 % conjugated linoleic acids (CLA) 
changed the performance of growing turkey. Dietary CLA reduced feed consumption and 
total weight gain. The reduced total weight gain by dietary CLA was improved by dietary 
vitamin E, resulting in better feed efficiency. 
Secondly, dietary supplementation of vitamin E, selenium, and CLA improved the storage 
stability of raw turkey breast. Based on TBARS of raw meat from the control group, meat 
without any dietary supplementations had a significant increase of lipid oxidation after 12 
days of storage. This increase was reduced by combined supplementations of vitamin E and 
Se (treatment VE+SE), vitamin E and CLA (treatment VE+CLA), vitamin E, Se, and CLA 
(treatment VE+SE+CLA). After 12 days of storage, lipid oxidation for treatments VE+SE, 
VE+CLA, and VE+SE+CLA didn't change as compared with controls. This study 
investigated the combined effects of vitamin E, Se, and CLA on lipid oxidation and 
compared the combined effects with single supplementation for the first time. Combinations 
of vitamin E and Se, vitamin E and CLA, vitamin E, Se and CLA provided better protection 
from lipid oxidation than their single supplementation, which was expected by our 
hypothesis. 
Thirdly, 1.5 kGy irradiation generated several sensory quality problems. Both a* 
value (redness) of raw breast patties and interior of cooked patties were increased after 
irradiation. Irradiation produced more volatiles deprived from lipid degradation and new 
volatiles such as sulfur-containing compounds in raw meat. Irradiation increased lipid 
oxidation of raw meat in aerobic packages and was an enhancer of oxidation of cooked meat. 
179 
Dietary supplementations of vitamin E, Se and CLA improved the quality defects caused by 
irradiation. Dietary antioxidant vitamin E and selenium had no influences on the color of 
non-irradiated cooked turkey breast, but these treatments decreased the internal a* value of 
irradiated meats in vacuum packages at day 0 and 7, and the effect was even greater when 
vitamin E and Se were combined with CLA. After 7 days storage in vacuum packages, 
treatments VE+Se and VE+Se+CLA had the lowest a* values, which were equal to that of 
non-irradiated control meat. Aldehydes, hydrocarbons, alcohols, and ketones that were 
increased by storage and irradiation were reduced by dietary antioxidant vitamin E and Se as 
well as the fatty acids modifier CLA, which were concordant with the TEARS values. No 
dimethyl disulfide was detected in raw meat with dietary treatment VE+SE, VE+CLA, and 
VE+SE+CLA after 7 days of aerobic storage. Lipid oxidation in irradiated cooked turkey 
breast meats from turkeys fed diets containing vitamin E + selenium, vitamin E + CLA; 
selenium + CLA, and vitamin E + Se + CLA were 24%, 29%, 26%, and 40%, respectively, 
lower than that of control after 7 days of storage under aerobic conditions. 
Finally, a trained panel's sensory studies indicated that irradiation off-aroma of both 
raw and cooked meat was easily detected by sensory panelists. Dietary vitamin E, Se, CLA, 
and their combinations influenced both raw turkey aroma and irradiation off-aroma, 
especially in aerobically packaged meat. Meat samples from four dietary treatments 
containing CLA (CLA, VE + CLA, Se + CLA, VE + Se + CLA) had higher turkey aroma 
scores while two treatments containing vitamin E (VE and VE + Se) had lower scores than 
controls. Irradiation off-aroma in turkey breast was reduced significantly (p < 0.05) by 
dietary treatments containing vitamin E (VE, VE+SE, VE + Se + CLA). Single 
supplementations with CLA enhanced the off-aroma. Consumer acceptance studies showed 
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that consumers could not detect the aroma difference between non-irradiated and irradiated 
cooked meat. However, consumer preferred the flavor and appearance of irradiated meat. 
Dietary vitamin E and VE + Se treatments improved consumer acceptance of irradiated 
meats. 
Dietary supplementation of vitamin E, selenium, and CLA improved quality of 
irradiated meat. The facts are clear that combined supplementations of vitamin E and Se, 
vitamin E and CLA, vitamin E, Se, and CLA have better effects on meat storage stability. 
The biochemical and physiological basis of these facts needs more exploration. 
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